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Abstract 
Modern reinforced concrete (RC) framed structures are designed to resist earthquake loading using 
the capacity design method which divides structures into dissipative and non-dissipative zones to 
ensure structural integrity under earthquake loading. However, there are still many existing reinforced 
concrete (RC) buildings which were not designed with modern seismic codes and are consequently 
seismically vulnerable. The majority of these buildings are vulnerable to earthquake loading due to 
the provision of insufficient transverse reinforcement within beam-column joint regions. A great deal 
of research has been devoted so far to explaining the response of joints in planar frames. However real 
RC buildings are 3D structural systems in which beam-column connections are subjected to complex 
stress states.  
This study mainly focuses on the 3D response of RC corner beam-column joints under seismic 
loading which is yet to be fully understood. The research develops a novel biaxial joint model for 
calculating biaxial joint shear strength based on an evaluation of existing experimental data of 3D 
biaxially loaded specimens. The proposed biaxial hysteretic model is an extension to the existing 
uniaxial Pivot rules and the three parameter model using an elliptical interaction curve. The proposed 
biaxial model considers the effect of variations in the angle of loading between the corner connection 
framing beams. Some previous experimental tests of corner beam-column connections have been 
conducted under a fixed loading angle of 45 degrees. However, tests performed with varying angles of 
loading are more representative of real seismic events. This variation can cause significant 
degradation in joint strength under cyclic loading. The proposed biaxial joint model models biaxial 
strength degradation using a biaxial damage index which is defined in terms of the dissipated 
hysteretic energy and the ultimate displacement. Joint degradation in one direction is assumed to be 
influenced by the degradation in the other direction. The proposed biaxial model is validated using 
experimental data available in the literature.  
The research investigates the influence of joints on the overall response of reinforced concrete framed 
structures under seismic loading. Comparisons are made between numerical models of RC framed 
structures with rigid joints, flexible uncoupled uniaxial (uncoupled) edge and corner joints, and 
flexible uniaxial joints at edges and biaxial (coupled) joints at corners. The comparisons are made for 
regular and irregular buildings, designed for gravity and wind loads, which are intended to be 
representative of the many existing structures subject to but not designed for seismic loading. 
The numerical models are implemented in ADAPTIC, which is a general program for nonlinear static 
and dynamic analysis of structures. ADAPTIC is subsequently used to simulate the response of 2D 
and 3D framed structures under seismic loading. The aim is to examine the influence of beam-column 
joints on the response of 2D and 3D framed structures under seismic loading. The research provides 
insight into the effect of providing a detailed representation of corner joint response in the seismic 
assessment of existing reinforced concrete framed structures.  
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Chapter 1.  
Introduction 
1.1 Background 
Many existing reinforced concrete (RC) buildings were designed before the development of modern 
codes of practice for seismic design. The majority of these buildings are vulnerable to earthquake 
loads due to the provision of insufficient shear reinforcement in beams and columns, and little or no 
transverse reinforcement within beam-column joint regions. Beam-column connections play a key 
role in integrating a whole structural system, thus any shear failure in beam-column connections may 
contribute to the collapse of a building as shown in Figure 1-1 and Figure 1-2.        
Considerable research has been carried out over the last four decades to investigate the behaviour and 
failure mechanisms of RC beam-column connections without transverse reinforcement. 
Experimentally based design models have been developed to describe the response of beam-column 
connections in planar RC frames under cyclic loading. However, only a handful of experimental tests 
have been carried out to investigate the response of corner connections under biaxial loading (Hassan, 
2011, Hertanto, 2005, Engindeniz, 2008, Akguzel, 2011, Chen, 2006) and a biaxial shear strength 
model for unreinforced beam-column joints is still lacking. 
Moreover, there are significant differences between design provisions for beam-column joints in 
current standards ((ACI-318, 2008), (BSI, 2004), (NZS-3101, 1995), and (AIJ, 1994)]). The main 
difference is whether the truss mechanism due to joint hoops and intermediate column bars is taken 
into consideration or ignored. However, this disagreement does not affect unreinforced connections 
where the truss mechanism does not exist and joint shear forces are transferred through inclined struts. 
Therefore, the parameters affecting the shear strength in unreinforced RC connections are limited to 
concrete strength, joint aspect ratio, bond resistance, beam longitudinal reinforcement ratio, column 
axial load, the characteristics of transverse beams and slab effects. 
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This research develops a simplified model for corner RC beam-column joints which is used to 
investigate the nonlinear response of 3D RC framed structures under seismic loading. The study 
focuses on exterior connections since they are more vulnerable to seismic damage than interior 
connections which are partially confined by beams framing in from all four sides.  
 
              
 Figure 1-1 Collapse of a building by joint shear failure (Sezen et al., 2000). 
 
Figure 1-2  Joint failures due to the earthquake of L’Aquila (Bursi O.S et al.). 
1.2 Beam-Column Connections Design under Seismic Actions  
Modern reinforced concrete (RC) framed structures are designed for earthquake loading using the 
capacity design method which considers energy dissipation through a framed structure consisting of 
strong columns and weak beams [(Park and Paulay, 1975), (Paulay, 1977) , (Paulay, 1980), (Paulay, 
1979) and (Park and Ruitong, 1988)]. This philosophy, called "Capacity Design", distinguishes the 
various parts of the structure into dissipative and non-dissipative zones. The energy dissipative parts 
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are ductile inelastic elements. The non-dissipative parts are non-ductile elements which are designed 
to be over-strength by ensuring that their strength exceeds the demand forces developing in the 
dissipative elements. Consequently, the non-dissipative elements remain elastic. This method allows 
plastic hinges to be developed under seismic action in beams while columns remain elastic. However, 
the large shear forces develop in beam-column connections subjected to severe seismic loadings can 
cause failure in the joint core due to the breakdown of shear or bond mechanisms or both. 
Beam-column connections are designed to be over-strength in structures designed using the capacity 
design method. Therefore, beam-column connections are not generally considered in numerical 
models for RC frames. However, observations on the performance of existing reinforced concrete 
(RC) structures in earthquake events show that structural failure often arises as a result of the failure 
of beam-column connections [(Sezen et al., 2000), (Bursi O.S et al.)]. Connection failures in 
structures not designed according to modern codes typically arise as a result of the provision of 
insufficient transverse reinforcement within the joint panel.  
Many such older structures with unconfined and poorly reinforced joints exist in seismic regions. 
These structures need to be assessed to determine whether seismic upgrading is required. The seismic 
assessment of these structures should be based on a realistic structural assessment, which requires a 
proper understanding of the influence of connection behaviour on the overall structural response. The 
aim of the present research is to use nonlinear finite element analysis to develop a better 
understanding of these issues. This requires the development of a realistic model to describe the 
behaviour of beam-column connections.  
As mentioned above, most previous research has focussed on the response of joints in planar frames. 
However real RC buildings are 3D structural systems, where beam-column connections are subjected 
to complex stress states. Under extreme loading conditions (e.g. earthquakes), this may cause 
significant damage in the joint and deteriorate the performance of the whole RC structure. Thus the 
mechanical characteristics of beam to column connections should be included in the numerical 
description for the 3D structural system, especially when assessing the response of existing structures, 
where the joints were not designed against extreme loadings.  
1.3  Connection Classification 
As a first classification, connections are categorised according to their geometry into exterior and 
interior ones. Various types of exterior beam-to-column connections are shown in Figure 1-3; some of 
these occur in plane frames (Figure 1-3 (a) and (d)), and others in 3D frames. Type (b) and (e) in ??????? ??? depict corner joints which have two sides free. Types (c) and (f) simplify edge joints 
(Paulay and Priestley, 1992). Figure 1-4  (a) and (c) illustrate interior joints located in plane frames. 
Type (b) and (d) in Figure 1-4 depict interior joints in 3D frames. 
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Figure 1-3  Exterior beam-to-column joints (Paulay and Priestley, 1992) 
  
 
Figure 1-4 Interior beam-to-column joints (Paulay and Priestley, 1992). 
 
A further classification has been developed taking into account the amount of the transverse 
reinforcement in the joint panel zone. Thus, connections can be subdivided into three types based on 
the amount of stirrups within the joint panel: 
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1- Un-reinforced joints (unconfined joints): these joints are designed without seismic details. 
2- Under-reinforced joints (poorly reinforced joints): those joints have horizontal reinforcement 
but lower than the limit proposed by modern seismic codes. 
3- Reinforced joints (compatible joints): joints with sufficient horizontal reinforcement 
compliant with recent seismic codes. 
1.4 Research Objectives 
1.4.1 Objectives and Scope 
The principal objectives of this study are to: 
• develop a robust model for simulating the biaxial response of corner beam-column 
connections under seismic loading. 
• implement the model into ADAPTIC (Izzuddin, 1991). 
• Design and detailing of seismically vulnerable 3D RC frames representative of older 
Mediterranean buildings subject to but not designed for seismic loading. 
• use ADAPTIC to investigate the influence of joint modelling on the seismic response of 3D 
RC frames representative of older  Mediterranean buildings subject to but not designed for 
seismic loading. 
The proposed biaxial model accounts for the variation in loading angle that occurs in biaxial corner 
joints during seismic events. The proposed model also accounts for the biaxial strength degradation at 
which the degradation in one joint direction is influenced by the degradation in the other direction. 
The simplified model is extended to the element level of exterior beam-column joint modelling with a 
rotational spring and then implemented into ADAPTIC (Izzuddin, 1991). The proposed biaxial model 
is validated based on the available experimental database of RC joints available in the literature. 
In particular, simplified nonlinear rotational spring models are developed and implemented into 
ADAPTIC (Izzuddin, 1991) to represent the behaviour of beam-column joints in the structural 
analysis of space frames. The proposed biaxial joint model is suitable for assessing the performance 
of existing RC buildings, with beam-column connections, which have not been detailed and 
constructed according to the modern seismic codes.  
A series of parametric studies are carried out to investigate the seismic response of 3D RC unbraced-
framed structures with one way spanning ribbed slabs. Emphasis is placed on studying the response of 
frames in which joint failure occurs prior to yielding of the beam flexural reinforcement. The 
parametric studies consider 3D structures with rigid, uniaxial, and biaxial connections. This enables 
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the development of a clear understanding of the influence of exterior and corner beam-column 
connections on the overall behaviour of 3D structures. 
1.4.2 Research Significance 
There are many models available in the literature for assessing the behaviour of uniaxial unconfined 
beam-column joints in 2D framed structures. However, a biaxial joint model for unreinforced beam-
column joints in 3D RC framed structure is still lacking. This is significant because RC buildings are 
3D structural systems in which beam-column connections are subjected to complex stress states. This 
study focuses on the 3D response of RC exterior connections under seismic loading which is not well 
understood. In addition, this research sheds some light on the influence of angle of loading variation 
between corner connections framing beams. This is one of the important parameters which varies 
during a real seismic event and may significantly affect the biaxial joint shear strength causing 
significant deterioration in joint strength under cyclic loading. The research accounts for strength 
degradation using a biaxial degradation index, which is defined as a function of the dissipated 
hysteretic energy and the ultimate displacement and it assumes that the joint degradation in one 
direction is influenced by the degradation in the other direction. Furthermore, the influence of the 
joints on the overall response of 3D RC framed structures is investigated under seismic loading.  
1.5 Outline of the Thesis 
The thesis consists of 7 chapters which are outlined in this section. 
Chapter 1 Introduction 
 
This chapter describes the background to the research and its aims and objectives including thesis 
organisation.  
 
Chapter 2 Literature review 
 
This chapter summarises the main parameters affecting the joint shear strength of unconfined 
connections. It also reviews relevant experimental research into the response of beam-column 
connections in space and plane structures focusing on tests of beam-column assemblages conducted 
under biaxial loading. In addition, it reviews existing mechanically based and semi-empirical design 
models for beam-column joints under monotonic and cyclic loading. 
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Chapter 3 Analysis and modelling for seismic assessment of RC buildings 
 
This chapter reviews the techniques for modelling the response of RC buildings under seismic 
loading. It illustrates the material and element models that are adopted in the numerical modelling. It 
also discusses the displacement based analyses proposed in Eurocode-8:part-3 (BSI, 2005) for 
assessing existing structures. It also describes the proposed envelope shear strength curve which is 
constructed based on the Vollum and Newman (Vollum and Newman, 1999) beam-column joint shear 
strength model. 
 
Chapter 4 Proposed biaxial joint hysteretic model 
 
This chapter reviews existing hysteretic uniaxial joint models including Pivot rules (Dowell et al., 
1998) and the three parameter model (Park et al., 1987) before proposing a simplified biaxial 
hysteretic joint model for corner joints in space structures. The proposed biaxial model is a synthesis 
of Pivot rules, the three parameter model and an interaction curve. Biaxial strength degradation is also 
considered using a biaxial damage index. The suggested biaxial rules are explained in detail. 
Moreover, the biaxial joint model and the proposed envelope curve are validated using experimental 
data available in the literature.   
 
Chapter 5 Design of studied RC framed buildings and Methodology of analysis 
 
This chapter describes the RC framed buildings considered in the parametric studies and the basis of 
their design. Four regular and irregular buildings of three and six storeys are designed and detailed, 
which are intended to be representative of the many existing structures subject to, but not designed for 
seismic loading to be implemented and numerically investigated in the next chapter. The methods 
used to evaluate member shear resistance and chord rotational capacity are described as is the method 
used to extract the demand rotations of the members from the results of the nonlinear analysis. The 
implemented ground motions (i.e. El-Centro, Al-Aqaba and L’Aquila earthquakes) and the 
incremental dynamic analysis method (Vamvatsikos and Cornell, 2002) are also presented.  
Chapter 6 Numerical simulation of space structures 
This chapter presents the results of the numerical simulations of the seismic response of the four 3D 
structures designed in Chapter 5. Nonlinear time history analysis is carried out using the Incremental 
Dynamic Analysis (IDA) method. IDA involves performing multiple nonlinear dynamic analyses of a 
structural model under a series of ground motion records, each scaled to several levels of intensity. 
The scaling levels should be appropriately selected to let the structure progress from elastic to 
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nonlinear behaviour followed by structural collapse (Vamvatsikos and Cornell, 2002). Internal and 
edge column joints in the plane of the perimeter beams are modelled as rigid due to the confinement 
provided by the incoming beams. The corner and edge column joints, in the plane perpendicular to the 
perimeter beam, are modelled as i) rigid, ii) uniaxial and iii) uniaxial at edges and biaxial at corners. 
These analyses are depicted in the remainder of this chapter as i) Rigid, ii) Uniaxial and iii) Biaxial as 
described in Chapter 5. The results of these analyses are used to illustrate the influence of biaxial 
connections on the overall behaviour of 3D structures. Finally, the implications of biaxial loading 
effect for structural assessment are discussed.  
Chapter 7 Conclusions 
 
This chapter summarise the main conclusions of the research and makes recommendations for future 
research. 
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Chapter 2.  
Literature Review 
2.1 Introduction 
Modern reinforced concrete (RC) framed structures are designed for seismic loading using the 
capacity design method, which divides structures into dissipative and non-dissipative zones. Beams 
are designed to be weaker than columns in order to allow for beam side-sway mechanism in the 
design rather than column side-sway mechanism as shown in Figure 2-1. According to the capacity 
design method, plastic hinges are more desirable in beams rather than columns since any failure in 
columns may cause global building collapse [(Park and Paulay, 1975), (Paulay, 1977), (Paulay, 1980), 
(Paulay, 1979) and (Park and Ruitong, 1988)]. Therefore, beams are designed as ductile members 
while columns are designed to be over-strength members that remain elastic during seismic events. 
Possible collapse mechanisms of seismically loaded moment resisting frames are shown in Figure 2-1. 
Many existing reinforced concrete (RC) buildings were not designed with modern seismic codes 
[(ACI-318, 2008), (BSI, 2004), (NZS-3101, 1995) and (AIJ, 1994)] and are consequently vulnerable 
to earthquake loads. The majority of these buildings have little or no transverse reinforcement within 
the beam-column joint regions. Thus, shear failure can occur in beam-column connections, which 
may contribute to the collapse of a building.  
Most previous research into beam-column joints has focussed on the uniaxial response of joints in 2D-
framed structures. However, RC buildings are 3D structural systems, where joints are subjected to 
biaxial loading. Interior and edge connections are partially confined with beams while corner 
connections are not confined by beams framing into opposite column faces. Thus, corner connections 
are more critical than other connections in 3D framed structures. Corner connections are subjected to 
complex stress states due to biaxial seismic loading and can experience significant damage during 
earthquake events, which adversely affects the whole RC structure as shown in recent earthquakes in 
Figure 2-2. Research data suggests that an assumed elliptical interaction relationship for bidirectional 
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joint shear strength results in conservative estimates of bidirectional measured joint shear strengths 
(ACI-352R-02, 2002).  
 
Figure 2-1 Possible mechanisms of seismically loaded moment resisting frames (Paulay and Priestley, 1992) 
 
(a) Izmit/Turkey earthquake (1999)                                      (b) L’Aquila/Italy earthquake (2009) 
Figure 2-2 Building collapse due to corner connections shear failure from recent earthquakes(Bursi et al., 2009, 
Engindeniz, 2008) 
2.2 Connections mechanism  
Figure 2-3 illustrates an interior column extracted from a frame structure at approximately half-story 
heights (corresponding to the ideal points of contra-flexure under seismic load) and the actions 
introduced by symmetrically reinforced beams to the column. Joint shear strength is mainly 
influenced by ???and ??? the horizontal tension and compression beam forces, respectively, ???column 
horizontal shear forces and  ??? the vertical beam shear forces (Paulay and Priestley, 1992). 
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Figure 2-3 Features of column and joint behaviour (Paulay and Priestley, 1992) 
Figure 2-3 and Figure 2-4 (a) and (b) show the internal forces that influence joint shear strength in 
interior and exterior connections. Beam and column depth are depicted in Figure 2-3 as ???? and ???? 
respectively. The horizontal shear force ????  across the joint region in interior and exterior 
connections is defined as follows (Paulay and Priestley, 1992): ???? ???? ???? ????  (for interior connections) ???? ???? ????            (for exterior connections)   
In addition, beam shear forces introduce additional moment to the joint region which is equal to ???? ???? ?? . 
 
(a)                                                             (b) 
Figure 2-4 Interior (a) and exterior (b) joint mechanism(Paulay and Priestley, 1992) 
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2.3 Alternative Failure Modes of Unconfined Beam Column Connections 
This section reviews relevant research into the response of beam-column connections under uniaxial 
loading. Existing analytical and semi-empirical models for modelling beam-column connections are 
also reviewed. Several possible failure mechanisms can occur in seismically vulnerable buildings 
during earthquake events. Alternative damage failure mechanisms that can be developed in exterior 
connections are illustrated in the literature (Hassan, 2011, Priestley et al., 1994, Pampanin et al., 
2002) and can be summarised as follows. 
Joint Failure (J-Failure) 
Unconfined joints are the weakest link in this type of failure. Pure shear failure happens in the joint 
core without any plastic hinges forming in beams or columns. The flexural strength in beams and 
columns are sufficient to resist seismic forces without any yielding. Joint shear failure is brittle and 
occurs under relatively small rotations. 
Beam reinforcement yielding followed by Joint shear (BJ-failure) 
This type of failure initiates by yielding of beam longitudinal reinforcement followed by joint shear 
failure. Column flexural capacity is sufficient that column reinforcement bars do not reach their yield 
capacity. BJ failure mode is more ductile than J failure mode because of beam reinforcement yielding. 
Joint shear strength is limited to the beam flexural capacity. The connection has strong column and 
weak beam. 
Column reinforcement yielding followed by Joint shear (CJ-failure)  
This type of failure initiates with column yielding followed by joint shear failure. The beam is 
sufficiently strong that its reinforcement bars do not reach their yield capacity. The connection has 
strong beam and weak column. Alternative brittle failure mechanism can be encountered in columns 
without reinforcement yielding. 
 
Column and Beam reinforcement yielding followed by Joint shear (BCJ-failure) 
This type of failure experience simultaneous yielding in beam and column followed by joint shear 
failure.   
Slip Failure (Anchorage Failure) (S-failure) 
This failure mode represents bond slip failure (pullout) of beam bottom reinforcement. Beam bottom 
bars have inadequate anchorage within the joint core.  
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Beam failure and Column failure (B-Failure and C-Failure) 
This type of failure happens when flexural yielding occurs in the beam or column followed by 
inelastic deformation until ultimate flexural capacity is achieved. Joint shear capacity is greater than 
the beam or column pure flexural capacity so that failure happens without joint shear failure. 
Axial Failure 
Further experimental data are required to illustrate joint axial failure. Some researchers have observed 
joint shear failure being followed by axial failure (Uzumeri, 1977, Priestley et al., 1994). They also 
suggest that axial failure is most likely to happen under high axial loads or very large drifts.  
Hassan (Hassan, 2011) summarised all possible failure modes that can be experienced with 
unconfined connections in Figure 2-5. The figure illustrates the relative shear strength and ductility 
associated with each failure mode. The results are represented using backbone curves which relate the 
joint shear strength parameter of each failure mode to an engineering demand parameter (EDP), such 
as drift or ductility.  
 
 
Figure 2-5 Possible failure modes of unconfined beam-column joints (Hassan, 2011) 
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2.4  Overview of the key parameters that influence joint shear strength of exterior 
connections 
As discussed below, analysis of experimental data by Vollum (Vollum and Newman, 1999) and 
others shows that key parameters which influence joint shear strength include concrete compressive 
strength, joint aspect ratio, beam reinforcement ratio, column axial load, presence of slab, and column 
intermediate reinforcement bars.  
Concrete compressive strength effect 
The predicted joint shear strength from the majority of the available experimental tests , the current 
codes (ACI-352R-02, 2002, NZS-3101, 1995, BSI, 2004) and based on Vollum’s (Vollum and 
Newman, 1999) intensive analysis of experimental database of monotonic joint tests  reveals that joint 
shear strength increases with increment of the square root of the concrete compressive strength (????).  
Joint aspect ratio (
????) effect 
Joint aspect ratio is the ratio of beam depth to column depth (
????). The experimental observation and 
the analysis of the experimental data of beam-column joints tested under monotonic loading carried 
out by Vollum (Vollum and Newman, 1999) show that joint shear strength decreases as joint aspect 
ratio increases. Vollum (Vollum and Newman, 1999) proposed a simplified equation, described  in the 
next sections, which relates joint shear strength to the joint aspect ratio within the range 1 to 2. 
 
The same trend is also found in the experimental tests conducted under cyclic loading (Park and 
Mosalam, 2013a). 
Beam reinforcement ratio effect 
Vollum (Vollum and Newman, 1999) suggested that joint shear strength is not significantly dependent 
on the beam reinforcement based on the experimental data of joints tested under monotonic loading. 
Experimental data of the Park and Mosalam tests (Park and Mosalam, 2013a) which were conducted 
under cyclic loading suggest that the joint shear strength of external beam column connections failing 
in the BJ mode depends on the flexural reinforcement ratio. This does not appear to be the case for 
connections failing in the J mode without yielding of the beam reinforcement (Park and Mosalam, 
2012b, Hassan, 2011). For example, they tested four corner joints and concluded that the mode of 
joint failure is significantly influenced by the beam flexural capacity. If the joint shear stress demand 
corresponding to beam plastic moment is higher than joint shear strength, joint shear failure occurs. 
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By contrast, beams with low beam reinforcement ratios may first yield leading to a more ductile BJ or 
flexural failure mode. 
Column axial Load effect 
Vollum (Vollum, 1998, Vollum and Newman, 1999) found that joint shear strength is not affected by 
axial load under monotonic loading.  
  
The effect of column axial load on joint shear strength under cyclic loading is unclear. The 
experimental data of joints conducted under cyclic loading by Clyde, Beres, and Leon (Clyde et al., 
2000, Beres et al., 1996, Leon et al., 1986) proposed that joint shear strength increases with increasing 
axial load. On the other hand, Pantazopoulou and Bonacci (Pantazopoulou and Bonacci, 1992) 
suggested that shear strength decreases with increasing axial load under cyclic loading. Hassan 
(Hassan, 2011) tested four beam column sub-assemblages under cyclic loading and based on his 
experimental data suggested that the influence of axial load on joint shear strength depends on the 
failure mode and level of imposed axial load. He proposed that for the joint shear failure mode, axial 
loads greater than 0.2 ??? ?? increase joint shear strength, where ?? is the joint panel area, while there is 
no general trend between axial load and joint shear strength for axial loads less than 0.2 ??? ??. 
Furthermore, Hassan suggested that tensile axial loads tend to reduce joint shear strength. By contrast, 
he suggested that the level of axial load does not affect joint shear strength in the case of BJ-Failure 
mode.  
Slab presence effect 
Gokgoz and Topcu (Gokgoz, 2008, Topcu, 2008) conducted their tests on beam column connections 
without and with slabs spanning under cyclic loading. The experimental data reveals that the slab 
presence can increase joint shear strength for BJ failure mode because the presence of the slab 
enhances the beam ultimate moment, thereby postponing the development of  beam hinges which 
delays joint shear failure due to the late yield penetration and consequent diagonal strut softening. 
Furthermore, Park and Hassan (Park and Mosalam, 2012b, Park, 2010, Hassan, 2011) conducted their 
tests on beam column connections with the presence of the slab under alternate cyclic loading, where 
one beam is loaded at a time. The authors did not conduct specimens without the presence of the slab. 
However, they reported that the presence of the slab can reduce the confinement effect of the corner 
joint framing beams inducing fast strength and stiffness degradation in the joint. Park explained that 
the cracking and torsional stresses that happens in the framing beams due to the presence of the slab 
are the reasons for the rapid degradation. They found that torsional cracking develops in the unloaded 
beam during the loading of the other beam with the presence of the slab. 
CHAPTER 2                                                                                                Literature Review 
16 
 
Intermediate column bars effect 
Some experimental data available in the literature shows that intermediate column bars increase joint 
shear strength while other data suggest that intermediate column bars have negligible effect. Hassan 
(Hassan, 2011) conducted tests with intermediate column bars and has reported negligible strains at 
peak strength during the cyclic tests. He concluded that intermediate column bars have negligible 
effect on joint shear strength. Figure 2-29 shows a cross section of Hassan’s specimens illustrating the 
intermediate column bars. Furthermore, Park (Park and Mosalam, 2012b, Park, 2010) also reported 
insignificant strains of intermediate column bars. Therefore, the intermediate bars did not increase 
joint shear strength by acting as tension ties. 
Karayannis (Karayannis et al., 1998) tested beam-column sub-assemblages with different 
reinforcement arrangements in the joint area. They found that the usage of additional vertical steel 
bars as shear reinforcement of the joint, slightly improved the response behaviour of the tested 
specimens. 
Wong (Wong, 2005, Hwang et al., 2005) tested specimens without intermediate column bars, with 
two layers in intermediate column bars, and with four layers of intermediate column bars. He found 
that a 24% increment in joint shear strength occurred with two intermediate column bar layers and 
34% with four intermediate column layers under cyclic loading.  
2.5  Relevant Experimental Research into Cyclically loaded Exterior Beam column 
Connections  
Many tests have been carried out on 2D cyclically loaded exterior beam column connections. Most 
tests have been carried out on uniaxially loaded connections. However, a few experimental studies 
have evaluated the response of corner connections under bidirectional cyclic loading. Notable 
experimental programs of exterior connections conducted under, but not designed for, uniaxial cyclic 
loading condition are summarised below. 
2.5.1 Research by Hanson and Connor 1967 
The earliest experimental research on seismically vulnerable exterior connections was carried out by 
Hanson and Connor (Hanson and Connor, 1967). The authors tested several exterior beam-column 
sub-assemblages. Some of the specimens had transverse reinforcement within the joint core while 
others did not. All the specimens were subjected to uniaxial cyclic loading. The failure modes of the 
two unconfined specimens were J and BJ failure mode. Details of the specimens are shown in Figure 
2-6. The authors recommended using joint stirrups in isolated exterior connections. However, they 
suggested that stirrups are not required for exterior joints, which have sufficient concrete strength and 
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are confined by beams of equal depth from at least three sides. They also recommended using stirrups 
for corner connections. 
 
Figure 2-6 Specimens details and moment rotation hysteretic response, Hanson and Connor (Hanson and Connor, 
1967) 
2.5.2 Research by Hakuto et al. 1995 
Hakuto et al. (Hakuto, 1995) tested two full-scale specimens intended to represent older type 
seismically vulnerable exterior connections. The hooks at the ends of the beam longitudinal bars of 
the first specimen were bent into the joint core. The hooks at the end of the beam bars in the other 
specimens were bent upwards out of the joint core. Both specimens were tested under uniaxial cyclic 
loading. The performance was better in the first specimen with hooks bent into the joint core. Plastic 
hinges were developed at the beam end followed by joint shear failure. The other specimen with 
hooks bent out of the joint core behaved unsatisfactorily during the test and joint shear failure 
occurred without any hinges. The details of the specimens and the observed crack patterns are shown 
in Figure 2-7. 
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Figure 2-7  Specimens details and observed cracking , Hakuto et al. (Hakuto et al., 2000) 
2.5.3 Research by Beres  et al. 1992 
Beres et al. (Beres et al., 1996, Beres, 1992) tested thirty-four full scale beam-column joint 2D sub-
assemblages representative of older-type connections. Fourteen exterior connections were tested 
under uniaxial cyclic loading. The effects of column axial force, transverse confinement, beam 
transverse confinement and amount of reinforcement in the columns were investigated. The column 
axial load was fixed to ?????????? in some specimens and to ?????????? in others. Displacement 
controlled uniaxial quasi-static loading was used. Gravity loading was initially imposed to the beams 
by posttensioning the beam stubs with an average of 450 psi. Reversed cyclic loading was then 
applied by alternatively pulling down one beam and pushing up the other, with horizontal reactions 
provided at the ends of the columns. Pre-stressed transverse stubs were included in some specimens to 
represent the confining effect of compression zone in the framing beams while other specimens were 
tested without transverse stubs as shown in Figure 2-8.  
The failure mechanism was mainly due to diagonal joint shear cracking followed by pull out of beam 
longitudinal bottom bars. Column shear failure was observed in some specimens. Storey-drifts of 1.5-
2.7 % were observed at the peak strength of exterior connections. In addition, an increment in joint 
strength of 15-25% was observed with the high axial load. However, other specimens, loaded with the 
higher axial loads, experienced sudden failure at relatively low rotations. The authors reported that 
transverse beams do not have any beneficial effect in increasing joint strength in contrast to the 
increase allowed by ACI-352 (ACI-352, 1976)  but they resulted in slower strength degradation. They 
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suggested that this might have been due to the occurrence of other failure mechanisms such as pull-
out of the positive beam reinforcement, bucking of the longitudinal column bars at the lightly 
confined splice region, and prying of the bent-down negative reinforcing. All these possible 
mechanisms anticipated possible influence of transverse confinement. The experimental response of a 
typical exterior connection specimen is illustrated in Figure 2-9. 
 
 
Figure 2-8 The details of exterior connection specimen with and without beam transverse stubs (Beres et al., 1996, 
Beres, 1992) 
 
Figure 2-9 Hysteresis response of typical exterior connection(Beres et al., 1996) 
2.5.4 Research by Clyde et al. 2000 
Clyde et al. (Clyde et al., 2000) tested four half-scale exterior connections without transverse 
reinforcement in the joint core. The specimens represent older-type exterior connections. The flexural 
reinforcement in beams and columns was detailed such that plastic hinges formed in the beams 
followed by joint shear failure. Two specimens were subjected to a column axial load of ????????? and 
two to a higher axial load of ?????????? as shown in Figure 2-10. Increasing the column axial load 
increased the joint shear strength by 8%. The higher axial load tended to reduce the displacement 
ductility of the specimens by 50%. The hysteretic responses under different levels of column axial 
loads are shown in Figure 2-10. 
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Figure 2-10 The details of the specimens and their hysteretic response with high and low axial loads (Clyde et al., 
2000) 
2.5.5 Research by Pampanin  et al. 2002 
Pampanin (Pampanin et al., 2002) tested six sub-assemblages of 2/3 scale which represent 
connections in typical Italian structures built between the 1950`s and 1970`s. Two specimens 
represent exterior connections designed with smooth reinforcement, absence of joint transverse 
reinforcement, inadequate beam longitudinal anchorage and low concrete and reinforcement strength 
characteristic with absence of capacity design principle. Axial load was varied as a function of the 
lateral load. The amount of the beam longitudinal reinforcement of the two specimens is not the same. 
Specimen details, hysteric response and failure mechanism are shown in Figure 2-11. Extensive shear 
cracks were observed in the joint core of both specimens. Joint shear damage combined with beam bar 
slippage within the joint core and compressive force at the end-hook anchorage occured in both 
specimens. These factors led to spalling of concrete ‘brittle wedge failure mechanism’, consisting of 
concrete explosion out of the column, which occurred due to the alternative shear transfer mechanism 
shown in Figure 2-12.  
The author suggested the alternative damage failure mechanisms for exterior connections shown in 
Figure 2-13. The failure mechanism depends on the anchorage of beam flexural reinforcement which 
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affects the shear transfer mechanism in the joint core. Concrete wedge mechanism is the worst of the 
four failure mechanisms and the most probable failure mode in older Mediterranean buildings. The 
combined use of smooth reinforcing bars with end-hook anchorage, as well as lack of any capacity 
design considerations are typical construction in older Mediterranean buildings. However, failure 
mechanism due to beam bars bent away from the joint is the most common failure mechanism in New 
Zealand and Japan older buildings (Hassan, 2011).  
 
Figure 2-11  Exterior connection details , hysteretic response and failure mechanism , Pamapanin et al. (Pampanin et 
al., 2002) 
 
Figure 2-12  The development of the concrete wedge failure mechanism. (Pampanin et al., 2002) 
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Figure 2-13  Alternative damage failure mechanisms that can be encountered in exterior connections. (Pampanin et 
al., 2002) 
2.5.6 Research by Park & Mosalam 2012 
Park and Mosalam (Park and Mosalam, 2012b) tested four full-scale three-dimensional (3D) 
unreinforced corner joint under alternate loading. The aim of the test was to investigate the effect 
of joint aspect ratio and beam longitudinal reinforcement ratio on joint shear strength. Specimen 
configuration details are illustrated in Figure 2-14. Variable axial load was applied at the top of 
the column. The authors concluded that the shear strengths of corner connections were mainly 
affected by the joint aspect ratio and the beam longitudinal reinforcement ratio, which is 
parameterized as a joint shear index. The joint shear strengths decreased with increasing joint 
aspect ratio and were proportional to the joint shear index. However, the shear strengths were 
minimally influenced by the column axial loads varying from tension of ????????? to compression 
of ??????????. 
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Figure 2-14  Details of the unreinforced beam-column corner joint specimens and test setup (Park and Mosalam, 
2012b) 
2.6  Relevant Experimental Research into Biaxial-loaded Corner Connections  
Relatively few experimental investigations have been undertaken to evaluate the response of pre-
1970s corner connections under bidirectional cyclic loading. Some researchers have tested corner 
connections without slab configurations under uniaxial and biaxial loading conditions such as  
Hertanto (Hertanto, 2005), Chen (Chen, 2006), and Akgüzel (Akguzel, 2011). The angle of 
loading between the corner joint framing beams was varied during these tests. The angle of 
loading keeps varying during real earthquake events. Other researchers have evaluated corner 
connections with the presence of the slab such as Wael Hassan, Park, and Murat Engindeniz 
(Engindeniz, 2008, Hassan, 2011, Park and Mosalam, 2012b). Wael Hassan tested corner 
connections under uniaxial and biaxial loading conditions where the angle of loading was fixed at 
45 degrees during the test. Park conducted his test under alternate loading where one beam is 
loaded at a time. Engindeniz conducted his test under a combined loading history where alternate 
cyclic loading is initially imposed to the specimens followed by biaxial cyclic loading history. 
2.6.1 Research by Hertanto 2005  
Hertanto (Hertanto, 2005) tested several specimens under uniaxial and biaxial cyclic loading with 
various FRP retrofit schemes. In particular, he tested two notionally identical as built specimens 
TDP-2 and DD-1, which were not strengthened with FRP. Specimen TDP-2 was tested under 
uniaxial loading while DD-1 was tested under biaxial loading. The test setup of the uniaxially 
loaded specimen TDP-2 is shown in Figure 2-17 while the test setup of the biaxially loaded 
specimen DD-1 is shown in Figure 2-18. The details of the 3D specimen DD-1 and the 2D 
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specimen TDP-2 are illustrated in Figure 2-19. The material properties of both specimens are 
shown in Table 2-1. Lateral loads are applied at the column top where pulling the top of the 
column towards the beam induces positive lateral loads. Negative lateral loads were developed 
due to pushing the top of the column away from the beam. Figure 2-17 and Figure 2-18 show the 
positive and the negative lateral load directions. The variation in column axial load is considered 
by imposing initial axial load of 75 kN at the top of the column, which represents column gravity 
load, and then column axial load was varied in proportion to the lateral force. The column axial 
load is varied according to the equation: ????? ? ???? ? ??????? for the 2D specimen 
and? ???? ? ???? ? ??????? ?? ??????? for the 3D specimen (Where ?? and ??  are the lateral force 
in x and y directions). Axial load effect is summarised earlier where some authors (Clyde et al., 
2000, Priestley, 1997, Beres et al., 1996, Leon et al., 1986) claimed that column axial load gives 
additional confinement to the column and hence may increase joint shear strength. Vollum 
(Vollum, 1998) found that joint shear strength is not affected by axial load. Hassan (Hassan, 
2011) found that under joint shear failure mode, axial loads higher than 0.2 ??? ?? increase joint 
shear strength while he proposed that no general trend between axial load and joint shear strength 
is evident for axial loads less than 0.2 ??? ??. Apparently, it seems that the effect of column axial 
load depends on the level of axial load and joint failure mechanism.   
Hertanto adopted counter clockwise (CCW) cloverleaf biaxial lateral displacement, by varying the 
angle of loading at each step during the test, producing an out-phase loading scenario. Figure 2-15 
illustrates the adopted biaxial cloverleaf lateral displacement of the biaxial specimen. The biaxial 
lateral displacement is defined in polar coordinates as follows:  
• ???? ? ??????? ?????????????????????????? ?? ?????? ???????
• ????? ?? ????????????
• ??is the target displacement (where???is the magnitude of the maximum displacement 
vector at an angle of 45 degrees to the principal axis) 
• ? is any angle between 0 and 90. 
One complete cycle of the clover-shape is performed at each specified drift level. In this way, 3D 
specimens were subjected to two excursions into the positive and negative direction in the x-axis 
and y-axis during each complete cycle. The imposed lateral displacement histories for the uniaxial 
and biaxial specimens are described in Figure 2-16. 
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Figure 2-15 Biaxial lateral displacement 
 
(a) 
 
                                                (b)                                                                                           (c) 
Figure 2-16 Imposed lateral displacement applied at the column top of a) the 2D specimen (b) the EW direction of the 
3D specimen and (c) the NS direction of the 3D specimen. 
 
Table 2-1 Hertanto material strength properties.  
Specimen Concrete strength (f'c) (MPa) Reinforcing bar strength (fy) (MPa) 
TDP-2 25 333.1 
DD-1 24.82 344 
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Figure 2-17 Test setup of the 2D specimen (Akguzel, 2011) 
 
Figure 2-18 Test setup of the 3D specimen (Akguzel, 2011) 
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Figure 2-19 Details of Hertanto 2D and 3D specimens TDP-2 and DD-1(Hertanto, 2005) 
Extensive shear cracks were observed in the joint core of both specimens. Joint shear failure 
occurred in both specimens where excessive damage and rapid strength degradation were 
observed in the biaxial loaded specimens at which failure occurred under lower joint shear 
strength. Figure 2-20 summarises the biaxial loading effect where the reduction in the hogging 
strength capacity was around 33 % under positive lateral load and 15 % in the sagging strength 
capacity under negative lateral loads. Considering the effect of varying axial load, the author 
proposed an average of 25 % strength reduction factor for biaxially loaded joints. 
 
               Figure 2-20 Hysteresis backbone curves of Units DD-1 and TDP-2 (Hertanto, 2005) 
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2.6.2 Research by Chen 2006  
Chen (Chen, 2006) tested several specimens under uniaxial and biaxial loading with various FRP 
retrofit schemes. In particular, he tested two notionally identical as built specimens TDP-2 and DD2, 
which were not strengthened with FRP. The 2D specimen TDP2 was tested under uniaxial loading 
while the 3D specimen DD2 was tested under biaxial loading. The test setup of the 2D specimen 
TDP2 and the 3D specimen DD2 is shown in Figure 2-17 and Figure 2-18 respectively. The details of 
the 3D and the 2D specimens are the same as illustrated in Figure 2-22. In addition, Table 2-2 
summarises the material properties of both specimens. Lateral loads were applied at the top of the 
column where pulling the top of the column towards the beam induces positive lateral loads. Negative 
lateral loads were developed due to pushing the top of the column away from the beam. Figure 2-17 
and Figure 2-18 illustrate positive and negative lateral load directions. Initial axial load, 75 kN, 
applied at the top of the column, represents the gravity load on the column and was varied in 
proportion to the lateral force with the following equations suggested by the author: 
 ????? ? ???? ? ??????? ?? ??????? . For the biaxial loaded specimen (Where ?? and ??  are the lateral 
force in x and y directions). ????? ? ???? ? ???????. For the uniaxial loaded specimen (Where ???is the lateral force). 
Chen adopted a CCW cloverleaf biaxial lateral displacement for the biaxially loaded specimen, by 
varying the angle of loading at each step during the test as shown in Figure 2-15. The imposed lateral 
displacement histories for the uniaxial and biaxial specimens are shown in Figure 2-21. Column axial 
load was varied proportionally to the lateral forces during the test where the variation in column axial 
load was proportional to the lateral forces in one direction in the uniaxially loaded specimen. The 
variation in column axial load was proportional to the lateral forces in both directions in the biaxially 
loaded specimens. 
Table 2-2 Chen material properties 
Specimen Concrete strength (f'c) (MPa) Reinforcing bar strength (fy) (MPa) 
TDP2 25 333 
DD2 27.4 341 
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(a) 
 
                                                (b)                                                                                                (c) 
Figure 2-21 Imposed lateral displacement applied at the column top of (a) the 2D specimen b) the EW direction of the 
3D specimen and(c) the NS direction of the 3D specimen. 
 
Figure 2-22 Details of Chen 2D specimen TDP2 and 3D specimen DD2 (Chen, 2006) 
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Extensive shear cracks were observed in the joint core of both the uniaxially and biaxially loaded 
specimens. Joint shear failure occurred in both specimens. Greater damage and more rapid strength 
degradation were observed in the biaxially loaded specimen. 
Figure 2-23 illustrates the hysteretic backbone curves of the specimens tested under biaxial and 
uniaxial loading. A 13% increment in the joint sagging shear strength was observed in the biaxially 
loaded specimen under negative lateral load while 4 % reduction in the joint hogging shear strength 
was depicted in the joint NS direction. Furthermore, 4.5% increment was observed in the EW joint 
hogging shear strength in the biaxially loaded specimen.  
 
Figure 2-23 Hysteresis backbone curves of Units DD2 and TDP2 
2.6.3 Research by Akguzel 2011 
Akguzel (Akguzel, 2011) tested several specimens under uniaxial and biaxial loading with various 
FRP retrofit  schemes. In particular, he tested two notionally identical as built specimens 2D1 and 
3D1, which were not strengthened with FRP. The 2D specimen was tested under uniaxial loading 
while the 3D specimen was tested under biaxial loading. The details of the uniaxially and biaxially 
loaded specimens 2D1 and 3D1 are shown in Figure 2-25 and Figure 2-26 respectively and the 
material properties are shown in Table 2-3. The test setups of the uniaxially and the biaxially loaded 
specimen are shown in Figure 2-17 and Figure 2-18 respectively. Lateral loads were applied at the top 
of the column where pulling the top of the column towards the beam induces positive lateral loads. 
Negative lateral loads were developed due to pushing the top of the column away from the beam. 
Figure 2-17 and Figure 2-18 shows the positive and the negative lateral load directions. Initial axial 
load of 115 kN was applied at the column top which represents the gravity load on the column. The 
initial imposed axial load is higher than that found in Hertanto and Chen (Hertanto, 2005, Chen, 2006) 
experimental tests. Axial load was varied in proportion to the lateral force with the following 
equations: 
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????? ? ????? ? ??????? ?? ??????? . For the biaxial loaded specimen (Where ?? and ??  are the lateral 
force in x and y directions). ????? ? ????? ? ???????. For the uniaxial loaded specimen (Where ???is the lateral force). 
Akguzel adopted CCW cloverleaf biaxial lateral displacement for the biaxially loaded specimen, by 
varying the angle of loading at each step during the test as shown in Figure 2-15. The imposed lateral 
displacement histories for the uniaxial and biaxial specimens are described in Figure 2-24. 
 
(a) 
 
                                                (b)                                                                                        (c) 
Figure 2-24 Imposed lateral displacement applied at the column top of (a) the 2D specimen b) the EW direction of the 
3D specimen and(c) the NS direction of the 3D specimen. 
 
Table 2-3 Akguzel Martial properties 
Specimen Concrete strength (f'c) (MPa) Reinforcing bar strength (fy) (MPa) 
2D1 17.9 430 
3D1 17.4 340 
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Figure 2-25 Details of Akguzel 2D specimen 2D1 (Akguzel, 2011) 
 
Figure 2-26 Details of Akguzel 3D specimen 3D1(Akguzel, 2011) 
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Extensive shear cracks were observed in the joint core of both the uniaxially and biaxially loaded 
specimens. Joint shear failure occurred in both specimens where excessive damage and rapid strength 
degradation were observed in the biaxial loaded specimens.  
Figure 2-27 demonstrates the experimental envelope curve of the uniaxial and biaxial loaded 
specimens. The reduction in the peak strength capacity due to biaxial loading was observed in one 
direction only where the NS joint sagging shear strength was reduced 28%. By contrast, the NS joint 
hogging strength was increased 25% under biaxial loading. Furthermore, 5% increment in the joint 
hogging shear strength was depicted in the joint EW direction.  
 
Figure 2-27 Hysteresis backbone curves of Units 2D1 and 3D1 
2.6.4 Research by Hassan  
Hassan (Hassan, 2011)  tested four specimens with the presence of the slab achieving different failure 
modes. In particular, he tested two notionally identical specimens under alternate and biaxial loading 
in order to investigate biaxial loading effect. Specimen U-J-1 was tested under alternate loading and 
specimen B-J-1 was tested under simultaneous biaxial loading where the loading angle between the 
corner joint framing beams was kept constant to 45 degrees. The same test setup, depicted in Figure 
2-28, is prepared for both specimens whereas the loading mechanism is different. The imposed lateral 
displacement histories for the uniaxial and biaxial specimens are described in Figure 2-31.The details 
of the specimens are shown in Figure 2-29. The details of the slab are shown in Figure 2-30 and the 
material properties of the two specimens were summarised in Table 2-4. Lateral loads are applied at 
the beam ends where upward direction induces positive lateral loads and downward loading 
developed negative lateral loads. Figure 2-28 shows the positive and the negative lateral load 
directions. A gravity axial load ratio of 0.21 was selected to represent higher gravity load buildings. 
Column axial load varied during the test to account for overturning moment effects. In addition, slab 
contribution is also considered.  
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Extensive shear cracks were observed in the joint core of the uniaxial and biaxial specimens. Joint 
shear failure occurred in both specimens where the biaxial loaded specimens failed under lower joint 
shear strength. The strength degradation depicted in the biaxial load specimen tested under constant 
45 degrees loading angle is less than that found in the biaxial loaded specimens tested by Hertanto, 
Chen and Akguzel (Hertanto, 2005, Chen, 2006, Akguzel, 2011) under varying loading angles. This 
gives insight into the effect of varying the loading angle which requires further future investigation. 
The reduction in the sagging joint shear strength capacity due to biaxial loading is 25 % under 
negative lateral loading. This reduction is less obvious under positive lateral loads where the hogging 
shear strength was reduced to approximately 10% due to biaxial loading. Hassan concluded that 
specimens tested under biaxial loading would have a 25% reduction in the strength capacity when 
compared to the uniaxial loaded specimens. The normalised joint shear strength backbone curves of 
the biaxial and the uniaxial loaded specimens are illustrated in Figure 2-32. Hassan concluded that the 
joint shear stress demand increases due to slab reinforcement contribution. He also observed that the 
torsional effect of the slab on the corner joint framing beams is more significant under alternate 
loading. Twisting moments and rotations in beams due to the presence of the slab were less significant 
under bidirectional loading.  
               
Figure 2-28 Wael Hassan test setup for the alternate and biaxial loaded specimens 
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Figure 2-29 Hassan alternate loaded specimen U-J-1 and biaxial loaded specimen B-J-1 details 
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Figure 2-30 slab reinforcement test details 
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(a) 
 
b) 
Figure 2-31 (a) Alternate loading history b) bidirectional loading history (Hassan, 2011). 
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Table 2-4 Material properties 
Specimen Concrete strength (???) (MPa) Reinforcing bar strength (fy) (MPa) 
U-J-1 29.65 ϕ 32 470 
ϕ 29 523 
B-J-1 28.27 ϕ 32 502 
 ϕ 29 502 
 
 
Figure 2-32 Hysteresis backbone curves of specimen U-J-1 and B-J-1 
2.6.5 Research by Engindeniz  
Engindeniz (Engindeniz, 2008) investigated the seismic response of full-scale unconfined RC corner 
beam-column joints with the presence of the slab under alternate cyclic loading followed by 
bidirectional cyclic loading. He also studied the efficiency of using various carbon fibre-reinforced 
polymer (CFRP) composites schemes for retrofitting the seismically vulnerable joints. An initial 
column axial load of 10% of the column’s compressive load capacity was applied prior to the cyclic 
loading. Cyclic lateral loads were applied at the end of both beams inducing ±0.93%, ±1.40%, and 
±1.87% inter-storey drift ratios. The test setup, the loading history and specimen details are shown in 
Figure 2-33.  
Column yielding occurred in the specimens followed by some joint cracking, and bond slip in the 
beam bottom reinforcement bars. Engindeniz found that the slab strain distributions across the slab 
did not change significantly when the loading was changed from unidirectional to bidirectional. He 
suggested that this could have been due to the damage in the column and joint during bidirectional 
loading that reduced their stiffness, so it required larger drifts to engage the same amount slab 
participation. Engindeniz concluded that the assemblage tested under bidirectional loading suffered 
from rapid degradation in strength and stiffness under relatively low inter-storey drift levels (< 2%).  
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Figure 2-33 The test setup, loading history and specimens details conducted by Engindeniz(Engindeniz, 2008) 
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2.6.6 Discussion of biaxially loaded specimens 
Most experimental studies show that corner connections tested under biaxial cyclic loading have less 
strength and greater strength degradation than similar joints tested under uniaxial cyclic loading. 
Hassan (Hassan, 2011) concluded that specimens tested under biaxial loading would have a 25% 
reduction in the strength capacity when compared to the uniaxial loaded ones. In addition, Akguzel 
(Akguzel, 2011) confirmed that corner connections tested under biaxial cyclic loading would have a 
remarkable reduction in their joint shear strength capacity when compared to those tested under 
uniaxial cyclic loading. Furthermore, seismically vulnerable corner joints specimens, investigated by 
Engindeniz (Engindeniz, 2008), suffered from rapid degradation in strength and stiffness under 
bidirectional loading at relatively low inter-storey drift levels. Table 4.1 and Table 4.2 in Chapter 4 
summarise the test results of the notionally identical specimens available in the literature that were 
conducted under uniaxial and biaxial loading. 
2.7  Exterior Beam-Column Joint Analytical and Empirical Models 
Various analytical models have been developed to assess the behaviour of beam-column joints and 
predict joint shear strength. The models can be broadly subdivided into empirical models and strut 
and tie or truss type models. The model by Zhang and Jirsa (Zhang and James, 1982) was one of the 
first models for predicting the shear strength of exterior RC joints. Sarsam and Phipps (Sarsam and 
Phipps, 1985) proposed an empirical model that was calibrated on the basis of the limited 
experimental database available at that time. The model suggests that the joint shear strength depends 
on the concrete strength, geometric properties of the joint panel, the amount of transverse 
reinforcement into the panel zone and axial load in the top column. Paulay and Priestley (Paulay and 
Priestley, 1992) proposed strut-and-tie models for exterior and interior connections.  
Strut and tie models have been developed for beam-column joints by many investigators including 
Vollum (Vollum, 1998) (external beam-column joints), Hwang and Lee (Hwang and Lee, 1999) 
(exterior and interior joints) and Park and Mosalam [(Park and Mosalam, 2012a), (Park and Mosalam, 
2009)] (unreinforced exterior beam-colum joints). Strut and tie models are very sensitive to the 
diagonal strut area which is difficult to define (Hwang and Lee, 2002). 
2.7.1 The Model by Zhang and Jirsa (1982) 
Zhang and Jirsa (Zhang and James, 1982)  proposed a single strut mechanism approach to determine 
the shear strength under monotonic and cyclic loading based on large data base of experimental tests. 
Joint shear forces are assumed to be resisted by a single strut mechanism and hence joint shear 
strength occurs once the strut fails. Zhang and Jirsa (Zhang and James, 1982) suggested that joint 
shear strength is affected by concrete strength, the joint aspect ratio, the transverse reinforcement 
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ratio, column axial load, the existence of lateral beams and the hinge mechanism (i.e. J-Failure or BJ-
Failure mechanism). 
They proposed equations for predicting joint shear strength under monotonic and cyclic loading. Joint 
shear strength depends on whether or not hinges form in the beams and is defined as follows: 
 ?? ?? ? ????????????? ??? ? ?????????           for joints without beam hinge                          (2.1) 
 
 
 ?? ?? ? ??????????????? ??????                       for joints with beam hinge                      (2.2) 
 
where  ??   refers to the joint shear strength under monotonic loading. 
K is a factor, which accounts for the effect of concrete strength as shown in equation (2.3) 
ζ defines the effect of the volumetric transverse reinforcement ratio (ρs) and defined in equation (2.4) 
bc   is the width of the joint in inches (the width of the column) 
 ??????is the concrete compressive strength 
 γ a coefficient represents the effect of the lateral beams as shown in equation (2.5), where ?? is the 
width of the lateral beam.  
 
 ?? ? ?????? ?????????                                  ?????in (ksi)                     (2.3) 
 
 
 ?? ? ?????? ? ??????????? ? ??????           with ????? ? ????? ? ?????                      (2.4) 
 
 
 γ = 0.85 + 0.3 
????                                   with 0?5?? ? ?????? ?? ?????                      (2.5)  
 
The single strut angle of inclination θ is determined as follows: 
 
 ? ? ????? ???????????????????? ??                                  for joints without beam hinge              (2.6)  
 
 ? ? ????? ? ??????????????                                          for joints with beam hinge                                           (2.7)  
where (??) and (??) are the depths of the compression zones in column and beam respectively. 
 Zhang and Jirsa proposed a modification factor to account for cyclic loading and hence the joint shear  
strength predicted under monotonic loading was modified using parameter η as follows: 
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 ?? ?? ??? ? ,          ?? ? ? ?1?00?? ?4?0?R??????????????as?an?average?value
0?83?? ?4?0?R????????????????for?design?purpose                                    (2.8)  
 
Where ??   refers to the joint shear strength under cyclic loading, ? is defined as rotation index, ?? ? ? ?? , ? is total beam end deflection, and ? is the length from the beam inflection point to the 
column face. The average value is determined by a statistical analysis from the experimental database 
available in the literature and the design value is the lowest limit of those data. 
2.7.2 The Model by Sarsam and Phipps (1985)  
Sarsam and Phipps (Sarsam and Phipps, 1985) developed an empirical equation for calculating the 
shear strength of exterior beam column joints under monotonic loading as follows: 
 ??? ? ????????????????? ??????????? ?????? ? ? ????? ????????????????????         (2.9) 
 
 ??? ?? ????????????????????????????        
      (2.10) 
 
 ??? ?? ???? ???????????????????       (2.11) 
where ??? is the concrete cube strength (MPa), ?? is the column longitudinal reinforcement ratio 
defined as follow: 
  ?? ?? ?????????????????????       (2.12) 
where ??? is the area of the layer of steel farthest from the maximum compression face in a column 
(mm
2
), ? is the axial column load (N), ??? is the total area of the transverse reinforcement (mm2) 
crossing the diagonal plane from corner to corner of the joint between the beam compression and 
tension reinforcement, and ??? is the tensile strength of the transverse reinforcement (MPa). 
This model sets upper limits for some parameters including the joint shear strength as follows: 
 
 ??? ? ??????????????????? ??? ?????????? ?????????? ?? ???? ???       (2.13) 
 
 ??? ?? ? ???? ?     (2.14)  
 
The joint shear strength model is developed based on the experimental shear strength model for beams 
with low shear span ratio with the lack of any scientific background. 
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2.7.3 The Model by Paulay & Priestley (1992) 
Paulay and Priestley (Paulay and Priestley, 1992) proposed models for both interior and exterior 
joints. They suggested that shear forces are transferred through the joint core by a diagonal strut and 
truss mechanism as shown in Figure 2-34. Internal forces generated in the concrete combine to form a 
diagonal strut while truss mechanism produced by the other bond forces transferred to the joint core 
by beam and column bars. Thus, the joint shear strength can be approximated by the superposition of 
the two mechanisms as follows: 
 ??? ?? ???? ?? ????       (2.15) 
 
 ??? ?? ???? ?? ????       (2.16) 
Where the subscripts ? and ? denoted the contributions of the concrete strut and truss mechanism 
respectively. 
 
Figure 2-34 Mechanism of shear transfer at an interior joint (Paulay and Priestley, 1992). 
Figure 2-4 (b)  illustrates the shear strength mechanism of an exterior connection suggested by Paulay 
and Priestley (Paulay and Priestley, 1992). A diagonal strut will develop between the bend of the 
hooked top tension beam bars and the lower right-hand corner of the joint. The horizontal component 
of the strut mechanism ?? consist of the concrete compression force ???, the steel force ??? and the 
shear force from the column ????. 
 ??? ?? ??? ?? ???? ?? ?????       (2.17) 
   
Where ??? is the fraction of steel compression force ?? developed in the bottom beam reinforcement, 
introduced to the strut by means of bond over the length of bar subjected to transverse compression 
from the lower column. The flexural concrete compression force in the bottom of the beam was 
defined as follows: 
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 ?? ?? ? ???? ?? ????????????????       (2.18) 
Where ?? represents the compression stresses in the beam bottom bars assuming good anchorage 
conditions and was defined as follows: 
 ?? ?? ? ?????? ?? ?????????       (2.19) 
Where ? is the beam top flexural reinforcement and equals to ? ? ?????????   , and β = ???/??   and with 
an effective anchorage length of ?????? for the bottom beam bars, the unit bond force was 
approximated as follows:  
 ?? ? ??????????       (2.20) 
 
and hence the anchorage force introduced to the diagonal strut is: 
 
 ??? ? ????? ??????? ? ????? ????????????? ???       (2.21)  
 
 ?? ? ? ?????? ? ?????? ??????????????       (2.22)  
 
They assumed that the effective bond transfer to the diagonal strut occurs over only 80% of 
compression zone c of the column as demonstrated in equation (2.22). 
Thus, the concrete contribution ??? was determined by substituting Equations (2.18) and (2.21) in 
(2.17) as follows: 
 
 ???? ? ??? ?? ????????? ?????????????? ??? ??????       (2.23)  
The joint shear force resisted by the horizontal shear reinforcement was defined as follows where ?? 
is the column axial load: 
 
 ???? ??????? ?????? ?? ???? ????? ? ??????????? ? ???????????       (2.24)  
Furthermore, they also suggested a limit for the horizontal shear stress in order to avoid brittle 
diagonal compression failure as follows: ????? ? ?????????? ?? ???? ?? 
This model does not relate joint shear strength to the joint aspect ratio and it is developed based on an 
assumption that that the effective bond transfer to the diagonal strut occurs over only 80% of 
compression zone of the column. 
CHAPTER 2                                                                                                Literature Review 
45 
 
2.7.4 The Model by Vollum (1998) 
Vollum (Vollum, 1998) proposed a strut and tie model for exterior beam-column connections without 
and with transverse reinforcement (Figure 2-35). The model defines the stress field within the joint 
and is calibrated using experimental data. Vollum assumed that shear failure occurs when the 
maximum diagonal stress at the top node reaches the cracked concrete compressive strength. He 
assumed plane sections remain plane after bending, in order to define the geometry of the top and 
bottom nodes. The maximum stress and tensile strain are determined as follows: 
 
 ?? ? ?????? ?2 ??????? ??? ???????2?         (2.25)  
 
 ? ? ? ?????????????       (2.26)  
 
 ??? ???? ???? ?????????????       (2.27) 
 
where ?? and ?? are the principal tensile and compressive strain, respectively, ?? is the maximum 
compressive (negative) strain in the diagonal strut and assumed to be -0.002, and ?? is tensile strain in 
the transverse direction. 
 
Figure 2-35 Free body diagram by Vollum (Vollum, 1998). 
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Vollum (Vollum, 1998) determined the coefficient k (Figure 2-35) under different levels of column 
axial load for a specimen tested by Ortiz (Ortiz, 1993) that failed in joint shear. The value of ? is 
calibrated to be 0.4 under zero axial load as shown in Figure 2-36. He used the following two 
approaches to simplify the analytical model. 
Approach A 
Approach A ignores column axial load effect by setting it to zero, and it assumes that strut width 
value is  ?????????????? where ?? is the column depth. The angle ? can be determined by the aspect 
ratio or the horizontal and vertical shear force ratio. An iterative procedure should be followed to 
calculate the tensile force in the inner column bars ????until the specified strut width of ??????????????is achieved. 
Approach B 
Approach B takes column axial load effect into consideration. Column axial load is accounted for 
when calculating the forces in the column and beam reinforcement. This approach involves increasing 
the tensile force in the inner column bars ???, above that calculated assuming plane sections remain 
plane, until the minimum strut width equals ?????????????. Vollum (Vollum, 1998) selected approach 
A for estimating the joint shear failure since approach B underestimates the joint shear strength at low 
to medium column loads where the resulting strut width given by approach B is less than required to 
maintain constant joint shear strength with increasing axial load. 
 
  Figure 2-36 Calibration of coefficient k (Vollum, 1998). 
The model by Vollum (Vollum, 1998) relates shear strength to the average strain compatibility 
equations which does not reflect the real deformation. The model considers joint aspect ratio effect 
but it does not account for the effect of beam reinforcement ratio on joint shear strength. The model is 
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able to predict joint shear strength of exterior connections failing in the J failure mode (Park and 
Mosalam, 2009). 
2.7.5 The model by Hwang and Lee (1999) 
Hwang and Lee (Hwang and Lee, 1999) proposed a model for predicting joint shear strength which is 
suitable for exterior joints. This model is based on a strut-and-tie mechanism which satisfies 
equilibrium, compatibility and constitutive laws of materials at the ultimate load stage. The joint shear 
resisting mechanisms are composed of three mechanisms; the diagonal strut mechanism, the 
horizontal mechanism, and the vertical mechanism, as shown in Figure 2-37. 
 
Figure 2-37  Joint shear resisting mechanisms: (a) diagonal mechanism, (b) horizontal mechanism and (c) vertical 
mechanism  (Hwang and Lee, 1999). 
The effective area of the diagonal strut ???? is defined in equation (2.28) as follows: 
 ???? ?????? ????       (2.28) 
Where: ??  is the depth of the diagonal strut and is estimated by the author to be equal to the depth of the 
flexural compression zone of the elastic column ?? which is defined as follows: 
 ?? ? ????? ? ????? ??????????????        (2.29) ?? is the width of the diagonal strut and can is considered as the effective width of the joint ?? as 
defined by ACI-318-95 (ACI-318, 1995). 
Equilibrium 
Since the forces meeting at a node must be in equilibrium, the horizontal and vertical joint shear 
forces to be resisted by the strut-and-tie model can be calculated as follows: 
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 ??? ? ?? ??? ? ???? ???? ??? ?        (2.30) 
 
 ??? ? ?? ???? ???? ??? ? ????        (2.31) 
 
Where the angle ? is the angle of inclination of the single diagonal strut is limited by ?? ?? ????? ? ?? 
and the fraction of each mechanism depending on the diagonal strut angle is shown in Figure 2-38. 
The strut angle is defined as:  ?? ? ? ???????????????? 
 
Figure 2-38  Ratios of force distribution among mechanisms (Hwang and Lee, 1999). 
where ???? is the distance between the extreme longitudinal reinforcement in the beam; and ???? is the 
distance measured from the centroid of extreme longitudinal reinforcement in the column to the 
centroid of bar extension at the free end of the 90-deg hooked bars. 
If the intermediate column bars do not exist or yielding of the vertical tie occurs, the horizontal shear 
is resisted by only the diagonal and horizontal mechanisms. Then the statically indeterminate tie-force ?? in the diagonal and horizontal mechanisms only can be predicted as follows: 
 ?? ? ?? ? ???        (2.32) 
Where?????? ??? ????? ??       for 0? ? ??? ?? ?1 
In addition, the vertical shear is resisted only by the diagonal and vertical mechanism with the absence 
or yielding of the horizontal tie and can be estimated as follow: 
 ?? ? ?? ? ???        (2.33) 
Where:  ?? ? ?? ??? ??? ?? ???????????? ? ? ?? ?? ???
 ?? and ?? are the fraction of horizontal and vertical shear respectively. 
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The compression force in the diagonal strut (?), the tension force in the horizontal tie (??) and the 
tension force in the vertical tie (??) are the main parameters in expressing the joint horizontal and 
vertical shear forces and are expressed as follows:  
 ? ?? ???????? ?????? ? ?? ?????? ? ? ?????       (2.34)  
 
 ?? ?? ?????? ? ?? ?????? ? ? ?????       (2.35)  
 
 ?? ?? ????? ? ? ?????? ???? ?? ??? ? ? ?????       (2.36)  
Where ??, ??and ??  are the ratios of the joint shears resisted by the diagonal, horizontal and vertical 
mechanisms respectively. These ratios are expressed as: 
 ??? ????????????????????????? ??       (2.37)  
 
 ??? ??????????????????? ??       (2.38)  
 
 ??? ??????????????????? ??       (2.39) 
If the vertical tie is absent or yielding, by assigning  ?? = 0, the value ?? converts to ?? for the 
reduced mechanisms; the same situation occurs between ??  and ???. 
 ?????? ?? ????? ??? ? ??????????????? ?????????????????????? ??????????? ??? ? ???????????????????? ????????????????????????? ?? ???????
       
(2.40) 
Constitutive Laws 
The following softened concrete stress-strain relationship of Belarbi and Hsu  (Belarbi and Hsu, 1995) 
is used:  
 ?? ??ζ???? ??? ? ?????? ??? ???????? ?????????????? ? ?????? ?? 1        (2.41)  
 ζ ?? ??????? ?? ???? ?????? ?? ? ?????? ??????       (2.42) 
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where ?? is the average principal stress of concrete in the d-direction; ζ is the softening coefficient 
and ?? is the concrete cylinder strain corresponding to the cylinder ????, which can be expressed 
approximately as: 
 ?? ????????? ? ????????? ? ???? ? ????????????????????? ? ???? ? ???? ??        (2.43)  
The peak shear strength and strain of the joint arise when the compressive stress and strain in the 
concrete diagonal strut reach:  
 ?? = ζ. ???   , ?????? = ζ ??       (2.44) 
 
The behaviour of bare mild steel bars is assumed to be elastic-perfectly-plastic. Therefore, 
 ?? ? ????????????????????? ?? ? ???       (2.45) 
 
 ?? ? ???????????????????????? ?? ? ???       (2.46) 
Based on the constitutive equations for steel, the relationship between forces and strains of the tension 
ties can be constructed as: 
 ?? ? ??? ???????? ??? ?? ??? ?????       (2.47) 
 
 ?? ? ??? ???????? ??? ?? ??? ?       (2.48) 
where ??? and ??? are the areas of the horizontal and vertical ties, respectively; and ??? and ??? are 
the yielding forces of the horizontal and vertical ties, respectively. 
Compatibility 
Accepting the predetermined direction of the principal compressive stress??, the principal tensile 
strain ?? can be related to the horizontal strain???, the vertical strain ?? and the magnitude of the 
principal compressive strain ?? as follows: 
 ?? ???? ????? ???????????????       (2.49) 
 
 ?? ???? ????? ???????????       (2.50) 
 
An iterative procedure is required to calculate joint shear strength using the Hwang and Lee model. 
The first step employs the equilibrium equations to find the ??????which act on the nodal zone and 
hence a value of the softening coefficient ζ can be obtained through ζ = ?????? ????  by assuming the 
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strength of the concrete strut is reached. Secondly, the constitutive laws are used to compute the 
strains of the struts and ties. Finally, compatibility conditions should be applied to compute a new 
value of ζ. If the assumed ζ value is close to the computed ζ value, the selected ??? is the shear 
strength of joint which corresponds to the peak compressive stress and strain of the concrete diagonal 
strut. 
The model is complicated compared to the other models available in the literature. A major 
shortcoming of Hwang and Lee model is that it is unable to realistically predict the joint shear 
strength of unreinforced connections unless the beam reinforcement yields for the following reasons 
(Park and Mosalam, 2009):  
1- The average strain compatibility equations do not reflect the real deformation because 
unreinforced joints have no longitudinal and transverse reinforcement and the angle, ?, is 
defined by the given joint geometry. 
2- Intermediate column bars may not develop the inclined strut due to its steep angle. 
3-  Beam and column reinforcements are assumed to yield regardless of the joint shear failure 
mode. 
4- Only beneficial effects of column axial load on joint shear strength are included. 
5- The calculated joint strength is highly dependent on the estimated width of the diagonal 
strut (Hwang and Lee, 1999).  
2.7.6 The Model by Vollum & Newman (1999) 
Vollum and Newman (Vollum and Newman, 1999) highlighted the difficulties of developing a 
realistic strut and tie model for external beam-column joints due to difficulties in defining the 
diagonal strut width, node dimensions and calculation of column bar forces. Therefore, they studied 
the influence of different parameters such as concrete strength, column load, joint aspect ratio, 
reinforcement detailing and stirrups on the joint shear strength of a database of experimental results. 
They developed a simple design equation for calculating the shear strength of joints with and without 
transverse reinforcement. The strength of external connections with transverse reinforcement is 
defined as follows: 
 ??? ? ???? ? ????????? ? ???????? ? ?????? for joints with transverse reinforcement  (2.51) 
The maximum joint shear strength is related to the joint aspect ratio as follows: 
 ????? ??????????? ? ????????? ? ?????????? ??????????? ?????????? ? ????       (2.52) 
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The strength of joints without shear reinforcement is calculated as follows: 
 ??? ? ?????????? ?? ? ???????? ? ???????????????????       (2.53) 
Where:  ?? is the column depth. ?? is the joint effective width ??? is the concrete stress (MPa) ? is a coefficient which is set to be 1.00 for connection with L end-bars (type A) and 0.90 for 
connections with U end-bars bent into the panel zone (type C) illustrated in Figure 2-39. ????? is the cross-sectional area of the joint stirrups within the top five-eighths of the beam depth. ?? ? ?????????????  ??? the yield stress of the transverse reinforcement.. 
 
Figure 2-39 L and U anchorage types for exterior beam-column joints (Park and Mosalam, 2009). 
The effective joint width is defined as follows: 
 ?? ? ? ???????????? ? ? ??? ? ??? ??????????   ?? ???? ?      (2.54)  
 ?? ? ? ????????? ??? ? ??? ?????????????????  ?? ???? ?      (2.55) 
The Vollum and Newman model is attractive due to its simplicity. Despite not considering the 
influence of column axial load, the model gives good predictions of the joint shear strength of exterior 
connections available in the literature. Lima (Lima, 2010) carried out a sensitivity analysis for several 
capacity models available in the literature and he found that the Vollum and Newman model 
compared well with the experimental data base. Lima proposed a reduction factor of 0.822 to account 
for cyclic effect because Vollum and Newman model was originally developed for calculating joint 
shear strength under monotonic loading case. The model is used in this research to calculate the joint 
shear strength of 8 specimens from the literature tested under uniaxial and biaxial cyclic loading 
which failed in the J-failure mode. The Vollum and Newman model satisfactorily predicts the 
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experimental shear strength of the 8 specimens when used in conjunction with the strength reduction 
factor proposed by Lima (Lima, 2010) for cyclic loading. 
2.7.7 The Model by Tsonos (2007) 
This model (Tsonos, 2007) assumes that the joint shear force is resisted by a single diagonal strut 
acting in parallel with a truss mechanism as shown in Figure 2-40. The compressive and tensile 
principal stresses are calculated using the Mohr circle as follows: 
 
 ??????? ??? ?? ???? ??????? ??? ? ?????????? ?     (2.56) 
 A fifth-order polynomial equation is used to define the concrete failure surface in terms of the 
average principal compressive and tensile stresses as follows: 
 ???????? ? ??????? ? ??     (2.57) 
Where ?? is the increased joint concrete compressive strength due to confinement by joint hoop 
reinforcement, which is given by the model of Scott et al. (Scott et al., 1982) as follows: 
 ?? ? ? ???? ,    K = 1 + ?????????????     (2.58) 
 ????is the concrete compressive strength, ? is a parameter of the model, ?? is the volume ratio of 
transverse reinforcement and ??? is its yield strength. 
The vertical normal compressive stress ???is the summation of the concrete and steel vertical 
compression forces over the column area as defined in equation (2.59). The joint shear stress τ, which 
uniformly distributed over the horizontal joint mid-section I-I where the flexural moment is almost 
zero, is defined as follows: 
 ?? ????? ? ?????????? ? ? ?????????    (2.59)  
 
 ???? ?????????    (2.60) 
The normal stress and the shear stress are related to each other by the joint aspect ratio as follows: 
 ?? ???????????? ?????????????????    (2.61) 
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 Assuming τ = γ ??? and substituting the stress values generates the following equation at which the 
joint shear strength coefficient ? can be solved by iterative procedures: 
 ? ??????? ??? ? ?? ?? ?????? ? ?? ?????? ???? ?? ??? ? ?? ? ?         (2.62)  
 
This model implies that joint shear strength increases with increasing joint aspect ratio (Park and 
Mosalam, 2009). This assumption contradicts with the observation from the experimental database 
available in the literature. According to Park and Mosalam, the model overestimates the unreinforced 
joint shear strength because it depends on compatibility relations and principal stress expressions 
developed and calibrated for reinforced panels (Park and Mosalam, 2009). 
 
Figure 2-40—(a) Exterior beam-column joint; (b) internal forces around exterior beam-column joint as result of 
seismic actions; (c) two mechanisms of shear transfer (diagonal concrete strut and truss mechanism);and (d) forces 
acting in joint core concrete through Section I-I from two mechanisms.[(Park and Paulay, 1975), (Tsonos, 2007), 
(Paulay and Park, 1984), (Paulay, 1988), (Paulay, 1989), (Park, 1995)] 
2.7.8 The Model by Park and Mosalam (2009) 
Park and Mosalam (Park and Mosalam, 2009) proposed a strut and tie analytical model for predicting 
the shear strength of exterior unreinforced beam-column joints. The model incorporates two inclined 
struts in a parallel system, as shown in Figure 2-41, to resist the horizontal joint shear forces. The 
major diagonal strut (ST1) is developed by the 90º hook of beam reinforcement, while the minor 
inclined strut (ST2) is developed by the bond resistance of the concrete surrounding the beam 
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reinforcement. The proposed model assumes that joint shear strength vary with the joint aspect ratio 
and the beam reinforcement ratio, using truss analogy and the deterioration of bond resistance, 
respectively.  
 
Figure 2-41  Two inclined struts in unreinforced exterior joints (Park and Mosalam, 2009). 
 
The model assumes that joint shear failure initiates adjacent to the top node of ST1 as suggested by 
Vollum (Vollum, 1998).  Park and Mosalam (Park and Mosalam, 2009) calculate the principal tensile 
strain in the joint at shear failure as follows:  
 -?? ? ?????? ? ??????????? ? ??    (2.63) 
 
The concrete compressive strength of the diagonal strut is calculated using the following suggested by 
Vollum (Vollum, 1998): 
 ?? ?? ??? ?????? ? ?????????    (2.64)  
where ? is the strain-softening concrete compressive strength; and ?? is a constant with values of 71.3 
psi (5.92 MPa). 
The joint shear strength is defined as follows: 
 ??? ????????? ???????????   (2.65) 
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 ??????? ??????? ? ???????? ?? ???????????? ?    (2.66)  
 ??????? ? ???????? ?? ???????????? ???? ?    (2.67)  
where n is the number of beam longitudinal bars in tension with diameter ??, and ?? is the shear force 
in the column???????? is the bond stress distribution along the beam bar as shown in Figure 2-41 as a 
function of the tensile stress of the bar, ??, which varies with the distance x, i.e., ?? ????????.  
The horizontal projection ?? is estimated with equation 2.65 as recommended by Hwang and Lee 
(Hwang and Lee, 1999). 
 ?? ? ????????   (2.68) 
 
The shear forces resisted by struts ST1 and ST2 are calculated as follows:  
 ??????? ?? ???????   (2.69) 
 
 ??????? ?? ?? ? ???????   (2.70) 
 
The fraction factor ? varies with the tensile stress in the beam reinforcement as shown in Figure 2-41. 
This model derives the fraction factor α from the trilinear stress-strain model of the reinforcing steel 
as shown in Figure 2-41. Fraction factors α1 and α2 in Figure 2-41 correspond to the stress in the beam 
flexural reinforcement reaching ?? and ?? respectively at the column face. The factors ?? and ?? and 
the assumed breaking points of reinforcing steel stress are defined are as follows: 
` ?? ??? ?? ? ???????? ?? ?? ??? ???? ? ????    (2.71)  
 ?? ??? ?? ? ???????? ?? ?? ??? ???? ?? ??? ????? ? ? ????? ????
   
 
(2.72) 
 
 
The model defines the first tensile stress of beam reinforcement as ?? in Figure 2-41 which is the point 
at which the contribution of ST1 is negligible and the bond strength of ST2 is able to resist all of the 
horizontal shear force.  
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 ?? ??? ???? ??? ?????    (2.73) ?? is the yield strength of the beam longitudinal reinforcement where ? ????. ?? is the tensile stress reached when the beam reinforcing yielding propagates over the width of ST2 
at which ? ?????and is defines as follows: 
 
 ?? ??? ?? ? ???? ????????    (2.74)  ?? is the tensile stress corresponds to ? ? ? and is defined as follows: 
?? ??? ???? ????????? ? ???? ??????? ? ???? 
 
 
Figure 2-42  Tri-linear curve of fraction factor (Park and Mosalam, 2009). 
 
The joint shear strength is defined as the horizontal joint shear force at maximum concrete strength of 
the top node of the diagonal strut ST1 (node C-C-T in Figure 2-41) which is calculated as follows:  
 ???????? ?? ? ??? ????? ? ????????????? ? ??????? ??????? ?????????????? ? ????? ???????    (2.75) 
where ?? ?? ? ??? ? ??????and c is a constant which is assumed as follow : 
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 ?? ? ??????????????? ????? ? ????? ?????? ? ? ????????   (2.76) 
The joint shear strength is calculated iteratively. This model does not include the influence of column 
axial load. 
2.7.9 Discussion and review 
The models available in the literature vary in complexity and accuracy at predicting the joint shear 
strength of exterior connections. Strut and tie models have a mechanical basis but are complicated and 
very sensitive to the diagonal strut area which is difficult to define. Experimentally based empirical 
models are usually simple and less computational demanding. Despite their simplicity, some 
empirical models can accurately predict joint strength. Vollum (Vollum, 1998) highlighted the 
difficulties in developing a realistic strut and tie model for external beam-column joints. He also 
developed a simplified empirical model based on curve fitting experimental data which neglects the 
influence of column axial load on joint shear strength. Despite this, it gives reasonable predictions of 
the joint shear strength of beam column joints in the literature. The model which is often depicted as 
the Vollum and Newman (Vollum and Newman, 1999) model is attractive due to its simplicity and 
accuracy.  
Lima (Lima, 2010) carried out a sensitivity analysis for several capacity models available in the 
literature and found that the Vollum and Newman model compared well with experimental data . He 
recalibrated the Vollum and Newman model using data from cyclically loaded beam column 
connections and proposed a strength reduction factor to account for seismic loading.  
The Vollum and Newman model is adopted in this research for calculating the strength of unconfined 
and poorly reinforced exterior beam column connections under cyclic loading. The strength reduction 
factor of Lima (Lima, 2010) is used to account for the effect of cyclic loading. The model 
satisfactorily predicts the ultimate joint shear strength for 8 specimens available in the literature tested 
under uniaxial and biaxial cyclic loading and failed under J-failure mode. 
2.8  Simplified Joint Models for Computer Simulation of RC Framed Structures 
Simplified joint models have been developed to study the nonlinear response of reinforced concrete 
framed structures. The models simulate the response of the joint panel using rotational or translational 
springs which represent joint shear deformation and bond slip. Some of these springs are connected to 
rigid links, which simulate the portions of beams and columns inside the joint core. Simplified scissor 
models are not computational demanding and provide a reasonable representation of joint response. 
Many researchers have proposed macro models, of varying complexity, to simulate the joint panel. 
Models consisting of several springs simulate joint distortion most realistically but are complicated 
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and computational demanding and they have a high possibility of causing numerical convergence 
problems during frame analysis. Thus, a single rotational spring with a rigid panel to simulate beams 
and columns inside the joint panel is adopted by Celik & Ellingwood (Celik and Ellingwood, 2008), 
Pampanin (Pampanin et al., 2003) and others. 
Celik & Ellingwood (Celik and Ellingwood, 2008) reviewed some of the available joint models 
shown in Figure 2-43. They implemented a simplified model proposed by Alath and Kunnath (Alath 
and Kunnath, 1995) and a multi spring model by Altoontash (Altoontash, 2004) and they compared 
the results to the experimental response of specimen 1 and 3 tested by Pantelides et al. (Pantelides et 
al., 2002). Both the simplified single spring model (Alath and Kunnath, 1995) and the multi spring 
model (Altoontash, 2004) were able to predict the experimental response. Several spring models 
available in the literature vary in their level of complexity and are summarised below. 
2.8.1 Alath & Kunnath model (1995)  
Figure 2-43(a) shows the Alath and Kunnath (Alath and Kunnath, 1995) scissor model. Joint 
deformations are simulated using a zero-length rotational spring and a rigid link to represent joint 
panel geometry. This model is the simplest model available but it is widely used in the nonlinear 
analysis of RC framed structures due to its simplicity.  
2.8.2 Biddah and Ghobarah model(1999) 
The authors (Biddah and Ghobarah, 1999) proposed a scissor model to simulate joint response. The 
joint panel is presented by three rotational springs, which simulate joint shear and bond slip 
deformation explicitly, for interior connections as shown in Figure 2-43(b). However, only two 
rotational springs are implemented in exterior connections to explicitly simulate joint bond-slip and 
shear deformations. Bond slip deformation is idealised by a bilinear stress-strain relationship and joint 
shear deformation is idealised by a tri-linear stress-strain curve, which is constructed based on the 
softening truss model proposed by Hsu in 1988 (HSU, 1988). 
2.8.3 Youssef & Ghobarah model (2001) 
 The authors (Youssef and Ghobarah, 1999) developed a complicated joint model to simulate joint 
response. The model consists of twelve translational springs to simulate bond slip deformations, and 
two elastic diagonal springs to account for joint shear deformation as shown in Figure 2-43(c). 
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2.8.4 Lowes & Altoontash model (2003) 
 A complicated joint model was developed by Lowes & Altoontash (Lowes and Altoontash, 2003) 
which consists of twelve translation springs to simulate bond slip deformation and one rotational 
spring to represent joint shear distortion as shown in Figure 2-43(d). 
2.8.5 Altoontash model(2003) 
The model proposed by Altoontash is a modified version of the model developed by Lowes & 
Altoontash. The author replace the twelve translational springs with four rotation springs to simulate 
bond slip deformation as shown in Figure 2-43(e). 
2.8.6  Shin & LaFave model(2004) 
Figure 2-43(f) illustrates the model proposed by Shin & LaFave (Shin and Lafave, 2004) which 
consists of four rigid links to represent  the joint panel, one rotational spring to simulate shear 
deformation and two rotational springs in series at each side of the joint panel for simulating bond-slip 
distortion. 
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Figure 2-43  Existing beam-column joint models: (a) Alath and Kunnath, (b) Biddah and Ghobarah, (c) Youssef and 
Ghobarah , (d) Lowes and Altoontash, (e) Altoontash [8], and (f) Shin and LaFave. (Celik and Ellingwood, 2008) 
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2.8.7 Pampanin model (2002) 
Pampanin et al. (Pampanin, 2002) proposed a simplified analytical model which simulates the 
response of exterior connections in RC framed structures. The model is shown in Figure 2-44. 
One zero length rotational spring element is used to simulate joint deformation. Rigid links are 
used to simulate the portions of beams and columns inside the joint panel. The joint shear 
deformation is modelled as a spring rotation of the beam relative to the column. To avoid 
complexity, the model does not account for column axial load.  
 
Figure 2-44 Proposed analytical model for joint behaviour: rotational spring (Pampanin, 2002) 
 
2.8.8 Favvata model (2008) 
Favvata et al. (Favvata et al., 2008) proposed a simplified joint rotational spring model with zero 
length element to simulate the response of exterior connections as shown in Figure 2-45. The 
spring flexural strength depends on the failure mode. Thus, joint strength is the most critical 
strength among different strength limit states. These limit states include joint shear failure, pull 
out failure and flexural failure. Thus, the equivalent flexural strength corresponds to the least of  i) 
the flexural yield strength of the adjacent beam, ii) the joint strength based on the diagonal strut, 
iii) and the maximum bond stress developed in the joint core. 
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Figure 2-45  Favvata scissor model for exterior joints behaviour and the suggested envelope curve. 
2.8.9 Park and Mosalam (2013) 
Park and Mosalam (Park and Mosalam, 2013b) proposed a simplified joint rotational spring 
model to simulate joint behaviour in RC framed structures. The spring is simulated using an 
envelope curve which based on the empirical response of four corner joint specimens tested by 
the authors (Park and Mosalam, 2013b). The curve is defined through joint shear strength versus 
the joint shear strain and rotation at the beam-joint interface. A multi-linear backbone curve 
shown in Figure 2-46 is proposed where the joint shear strength and joint rotation in Figure 2-46 
are defined as follows: 
 ?? and ?? represent initial joint cracking ?? and ?? represent either beam reinforcement yielding or significant opening of existing joint 
crack ???corresponding to the normalized peak loading represents either further propagation of existing 
joint crack or additional joint crack opening ?? and ?? ?represent the normalized residual joint shear stress and rotation when the joint damage 
is severe. 
 The joint shear strength, ?? and corresponding ??, are predicted as follows: 
 
 ?? ? ???? ???? ????????? ??? ???? ? ?? ? ?????????????? ? ????? ?????? ?????????????    (2.77)  
 
Where k is a strength factor, which account for the beam longitudinal reinforcement ratio effect 
and is limited between 0.4 and 1.0. 
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Figure 2-46 Proposed backbone curve for unreinforced exterior and corner joint tests (Park and Mosalam, 
2013b). 
2.9  Hysteretic models 
The mathematical prediction of the hysteretic response is usually simulated using a Polygonal 
Hysteretic Model (PHM) or a Smooth Hysteretic Model (SHM) (Sivaselvan and Reinhorn, 2000). The 
polygonal models track the stiffness changes along predefined rules that simulate the observed 
response. The smooth models usually track the stiffness changes through a combination of component 
springs. The properties of the component springs in SHM and the rules that control the hysteretic 
response in PHM can be derived from the mechanical principles or calibrated based on the 
experimental data. 
Researchers have proposed several hysteretic models for uniaxially loaded connections, which can be 
classified into two types. 
2.9.1 Polygonal hysteretic model (PHM) 
PHM models refer to multi-linear models. These models are controlled by rules that fix specific points 
and govern the transition between different branches in the hysteretic response. Although these 
models are simplified and easy to implement, they are able to predict the nonlinear hysteretic 
response. Some researchers have developed benchmark PHM models such as Clough’s model 
(Clough, 1966), Takeda’s model (Takeda et al., 1970), Three parameter model proposed by Park 
(Park et al., 1987) and Pivot model (Dowell et al., 1998). These models are motivated by the actual 
behaviour of an element or structure, such as stiffness, strength degrading stages, and crack closure. 
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2.9.2 Smooth hysteretic model (SHM) 
SHM models are more complicated models where stiffness changes continuously due to yielding and 
sharp changes may happen due to unloading and deteriorating behaviour (Sivaselvan and Reinhorn, 
2000). Smooth hysteretic models seem to better represent the continuous changes in the materials 
(Ray and Reinhorn, 2012). The model developed by Wen (Wen, 1976) and the model proposed by 
Ozdemir (Ozdemir, 1976) are some examples of SHM models. Figure 2-47compares between the 
hysteretic responses obtained using the PHM and the SHM. 
 
Figure 2-47 Typical hysteretic models (data from Sivaselvan and Reinhorn 1999): (a) polygonal hysteretic model 
(PHM); (b) smooth hysteretic model (SHM) (Ray and Reinhorn, 2012) 
2.9.3  Overview of existing Polygonal hysteretic models (PHM) 
Many existing PHM models available in the literature predict the hysteretic response of RC members. 
Elasto-plastic rules were used in the past to predict the nonlinear behaviour of steel and RC members. 
Although these models are simple and can reasonably predict the response of steel members, they do 
not accurately predict the response of RC members. Other researchers, mentioned below, proposed 
reliable PHM models, which can accurately predict the nonlinear hysteretic response of RC members 
Dowell et al. (Dowell et al., 1998) proposed a hysteretic model based on simple rules which capture 
the nonlinear behaviour of reinforced concrete members. Pivot model is a modified version of Takeda 
(Takeda et al., 1970) and Park (Park et al., 1987) models. This model which called “Pivot Model” is 
more attractive than other available models due to its simplicity, applicability in asymmetric cross 
sections, and capability of including axial load, and strength degradation (Dowell et al., 1998).  
2.9.4 Pivot rules 
Pivot rules can be classified as polygonal hysteric model and is governed by a set of rules that depend 
on the properties of the member and the history of loading and is illustrated in Figure 2-48.  
The envelope curve of Pivot rules, shown in Figure 2-48, has four branches at each of the two loading 
quadrants. The first and the second loading branches represent the elastic and strain hardening 
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stiffness respectively. Strength degradation is considered following a third degraded branch. The 
residual strength is considered using the fourth branch in the envelope curve. 
 
Figure 2-48   Pivot point designation (Dowell et al., 1998) 
Pivot main rules can be summarised as follows: 
1. The unloading branches are assumed to aim a primary point on the elastic branch at a distance 
of αMy on the opposite side, where α is the stiffness degradation parameter as shown in 
Figure 2-48. This rule is  suggested by Park three parameter model (Park et al., 1987) and 
Pivot rules (Dowell et al., 1998). Stiffness degradation points α1 and α2 are modified at each 
cycle once strength degradation has occurred.  
The response follows the strength envelope shown in Figure 2-48 as long as no displacement 
reversal occurs. Once the yield deformation has been exceeded (in either direction), a 
subsequent strength envelope is developed requiring the introduction of points S1 and S2 
shown in Figure 2-48 which move along the strength envelope curve and are defined by the 
previous maximum displacements. Thus, at the instant the yield deformation has been 
exceeded, the loading line will aim the moment (or force) at the maximum displacement of 
the previous cycle defined by lines joining points pp4 to s1 and points pp2 to s2.  
2. The two loading directions can have different strength envelopes. In this way, memebrs which 
are asymmetric may have different initial cracked stiffness.  
3. Pinching occurs because of crack closure and bond failure and is considered by defining 
target points on the loading branches depicted in Figure 2-48 as ????????and??????????? These 
points control the amount of pinching in the hysteretic loop. The rule is suggested by Park 
(Park et al., 1987) and Dowell (Dowell et al., 1998) in the three parameter model and pivot 
rules respectively. Pinching points, which are initially fixed, move toward the force 
displacement origin once strength degradation has occurred. 
  Despite of its simplicity, Pivot rules is able to predict the hysteretic response of RC members. 
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2.10 Conclusions 
After an intensive investigation of the available literature, these points are summarised: 
1. Most experimental studies show that corner beam column joints tested under biaxial cyclic 
loading have less strength and higher strength degradation than similar specimens tested 
under uniaxial cyclic loading. 
2. Many models are available in the literature for calculating the joint shear strength of exterior 
connections. The models vary in complexity and accuracy of prediction. Strut and tie models 
are mechanically based but are complex and the diagonal strut area is difficult to define. 
Empirical models derived by curve fitting experimental data are usually simple and less 
computational demanding. Vollum (Vollum, 1998) highlighted the difficulties in developing a 
realistic strut and tie model for external beam-column joints and developed a simple empirical 
model for monotonically loaded external beam column joints. The simplified model of 
Vollum and Newman (Vollum and Newman, 1999)  has been adopted by various researchers 
due to its simplicity and comparative accuracy. The Vollum and Newman model is used for 
calculating joint shear strength in this research. 
3. Many existing models predict the hysteretic response of uniaxially loaded connections but a 
realistic model for simulating the behaviour of biaxial connections is still lacking. Models for 
simulating the response of uniaxial connections vary in complexity and accuracy in predicting 
hysteric response. The hysteretic response of these models is usually calibrated with 
experimental data. Furthermore, a realistic 3D assessment of 3D RC framed structures under 
bidirectional seismic loading is still lacking due to the deficiency of bidirectional hysteresis 
model. This research develops a bidirectional hysteresis model for corner connections to 
enable an assessment of vulnerable 3D framed structures under bidirectional seismic loading.  
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Chapter 3.  
Analysis and Modelling For 
Seismic Assessment of RC Buildings 
3.1  Introduction 
Most experimental research into beam-column joints has focussed on the response of planar beam-
column sub-assemblages. Researchers commonly evaluate the nonlinear response of framed structures 
using 2D numerical models. However, RC buildings are 3D structural systems, where beam-column 
connections are subjected to biaxial loading which is particularly critical for corner connections 
during seismic events (Said and Nehdi, 2004, Engindeniz, 2008, Sezen et al., 2000). As discussed in 
the literature review, an accurate evaluation of 3D framed structures using 3D models with corner 
connections subjected to biaxial loading is still lacking.  
Furthermore, the behaviour of beam-to-column joints is usually neglected in nonlinear static or 
dynamic analyses of framed structures where joints are normally considered as rigid connections. 
Existing structures, designed without consideration of beam-column joints, can be unsafe during 
earthquake events. The existing studies into the response of framed structures under seismic loading 
have used 2D models (Park and Mosalam, 2013). However, real RC buildings are 3D structural 
systems, where corner connections are subjected to biaxial loading which can cause excessive damage 
during earthquake events. 
A novel biaxial joint model is presented in this research to predict the response of corner connections 
subjected to biaxial loading. The proposed biaxial model is described in Chapter 4.  
This chapter reviews available techniques for analysing and modelling the response of RC buildings 
under seismic loading. It investigates the utilised nonlinear analysis and describes the material and
CHAPTER 3                 Analysis and Modelling For Seismic Assessment of RC Buildings 
69 
 
finite element models adopted in the numerical modelling. Numerical modelling of RC structures, 
investigated in this research, incorporates implementing three-dimensional models to simulate the 
response of 3D RC buildings using rigid, uniaxial and biaxial connections. 
3.2  Analysis for assessment of RC buildings under seismic loading 
The seismic design of new buildings is mainly force-based approaches, which requires capacity-
demand comparisons in terms of internal forces at which the internal seismic force demands 
computed from a design response spectrum associating a force reduction factor q. This factor is given 
in Eurocode-8:part-1 (BSI, 2004c) for new buildings where the buildings should meet specific 
requirements such as ductility rules, regular building configuration etc. 
Unlike seismic design of new buildings (force-based), seismic assessment and retrofitting of existing 
buildings is effectively evaluated using displacement-based approaches. The main objective of any 
displacement-based seismic assessment or retrofitting is the calculation of deformation demands in 
structural members. There are four alternative methods for seismic assessment and retrofitting of RC 
buildings described in the Eurocode-8:part-3 (BSI, 2005) as follows: 
1. Linear static analysis. 
2. Modal response spectrum analysis. 
3. Nonlinear static pushover analysis. 
4. Nonlinear dynamic analysis. 
Unlike linear analysis which requires response spectrum incorporating the behaviour factor q, the 
linear analyses, linear static analysis and modal response spectrum analysis, are used for displacement 
based-assessment using the 5% damped elastic response spectrum. The inelastic chord rotations of the 
members can be derived directly from the analysis. However, Eurocode-8:part-3 (BSI, 2005) restricts 
the application of linear static analysis unless comprising the following regularity and flexibility 
conditions: 
Regularity requirements: 
The building must be regular in elevation according to the regularity criteria specified in  Eurocode-
8:part-1 (BSI, 2004c). The regularity requirements are easy to check by inspection without any 
structural calculations. These requirements are described in Section 5.2.2 in Chapter 5.  
Flexibility requirements: 
The fundamental period of the building should be less than 2 seconds or 4 times the corner period???. 
The corner period ?? is the period between the constant spectral-pseudo-acceleration and constant 
spectral pseudo-velocity ranges of the elastic spectrum. 
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Nonlinear analysis is always being applicable in seismic assessment if the applicability conditions of 
linear static analysis are not met. Furthermore, linear static analysis should not be used for the 
estimation of internal force demand in the nonlinear regime, even when its applicability conditions are 
met (Fardis, 2009). 
Nonlinear static or dynamic analysis is usually adopted to assess RC framed structures under seismic 
loadings. Nonlinear dynamic analysis provides the damage states of the building when it is subjected 
to various levels of ground motion. Static push-over analysis can be used to determine the lateral load 
resisting capacity of a structure and the maximum level of damage in the structure at the ultimate 
load. 
3.2.1 Linear Static Analysis 
Linear static analysis is conducted by applying lateral forces separately in two orthogonal directions 
(i.e. x and y directions). These forces simulate the inertia loads induced by the horizontal seismic 
forces with the structure vibrating in its fundamental mode. The method is applicable if the 
fundamental translation mode governs the response in the direction of the lateral force and the method 
assumes that fundamental translation mode is known without solving eigenvalue problem. 
Furthermore, linear static analysis is only applicable if the regularity and flexibility requirements 
mentioned in Section 3.2 are met.  
The seismic base shear force ??, for each horizontal direction in which the building is analysed, is 
determined separately on the basis of the first translational mode period ???? in the following 
expression (BSI, 2004c):  
 ?? ???????????? ?????? (3.1) 
Where ???????? is the ordinate of the design spectrum at period ?? ?? is the fundamental period of vibration of the building for lateral motion in the direction considered. 
 ? is the total mass of the building, above the foundation or above the top of a rigid basement. ? is the correction factor, the value of which is equal to: ? = 0.85 if ??  < 2 ??  and the building has 
more than two storeys, or λ = 1.0 otherwise. 
 For buildings with heights of up to 40 m the value of ?? (in seconds) may be approximated by the 
following expression:  
 ?? ?????? ?? ??   
(3.2) 
 
Where 
 ?? is 0.075 for moment resistant space concrete frames  
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? is the height of the building, in m, from the foundation or from the top of a rigid basement.  
The fundamental mode shapes in the horizontal directions of analysis of the building may be 
approximated by horizontal displacements increasing linearly along the height of the building. 
 The seismic action effects based on (BSI, 2004c) shall be determined by applying, to the two planar 
models (i.e. x and y directions), horizontal forces Fi to all storeys  
 ?? ?????? ???? ??????? ???   (3.3) 
When the fundamental mode shape is approximated by horizontal displacements increasing linearly 
along the height, the horizontal forces ???should be taken as being given by:  
 ?? ?????? ?? ?? ????? ?? ???  (3.4)  
Where: 
 ?? is the horizontal force acting on storey i. ?? is the seismic base shear in accordance with expression (3.1). ???, ???are the displacements of masses ?? , ?? in the fundamental mode shape. ???, ???are the heights of masses ??, ?? above the level of application of the seismic action(foundation 
or top of a rigid basement). ?? , ?? are the storey masses. 
3.2.2 Modal response spectrum analysis 
 The modal shapes (Eigen modes) in 3D and the natural frequencies (Eigen values) should be 
computed as a first step in a modal response spectrum analysis. Modal analysis should be performed 
on a full 3D structural model. Each mode shape will have displacements and rotations in three 
directions X,Y, and Z. The Eigen value analysis is usually performed to obtain the natural 
frequencies, structural periods and mode shapes of a structure. Eigenvalue analysis is required as 
initial stage to any dynamic analysis. The natural frequencies, structural periods, and mode shapes 
give initial indication of a structure’s dynamic response. 
3.2.3 Nonlinear Static Push-over Analysis 
The static push-over analysis is an extension of the linear static analysis described earlier into the 
nonlinear regime. Thus, static push-over analysis is a nonlinear static analysis which is performed by 
applying a system of lateral forces over the height of the structure, on the mass of the structural 
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modal, and increasing the lateral loads monotonically from zero to the ultimate level corresponding to 
the incipient collapse of the structure. The gravity load remains constant during the analysis. Push-
over analysis is very useful in estimating the lateral load-resisting capacity of a structure as 
represented by the base shear versus roof ultimate displacement. In addition, it captures the ultimate 
displacements of structures.  
In the most commonly used version of the pushover analysis (Fardis, 2009), the forces which are 
incrementally applied on the masses ?? remain proportional to an invariant pattern of horizontal 
displacements????: 
 ??? ? ??? ?? ??  (3.5) 
 
 
It is required by Eurocode-8:part-1 (BSI, 2004c) to apply at least two vertical distributions of lateral 
load and the most unfavourable result of the pushover analysis should be used. These distributions can 
be categorised in two patterns: 
1. Uniform pattern where the lateral forces are proportional to mass regardless of elevation 
(uniform response acceleration) (i.e.? ?? ? ?). This loading pattern simulates the inertia 
forces in a potential soft storey mechanism where the lateral drifts concentrated at the bottom 
storey and all the storeys above moving laterally as a rigid body (Fardis, 2009). 
2. Modal pattern is proportional to lateral forces consistent with the lateral force distribution 
determined in elastic analysis. This pattern simulate the inertia forces of the 1
st
 mode in the 
horizontal direction at which the analysis is performed (Fardis, 2009). 
3.2.3.1 Capacity curve 
It is common to present the results of pushover analysis in a nonlinear force displacement curve, 
commonly known as “capacity curve”. The capacity curve (Fajfar, 2000), which was constructed very 
close to the results of a series of nonlinear dynamic (response history) analysis, is considered as the 
benchmark to evaluate the accuracy of pushover analysis. The capcity curve combines the pushover 
analysis with the response sepctrum analysis. An inelastic spectra with equivalent damping and period 
are applied instead of elastic spectra. The demand quantities can directly obtained from the curve 
without itetration. The capcity curve can sataisfactorily predict the response if the structure oscillate 
predominantly in the first mode. 
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3.2.3.2 Nonlinear Static Analysis Shortcoming 
Pushover analysis was initially developed for 2D analysis under a single component of the seismic 
action. The shortcoming of this method arises in the 3D analysis when the first or second mode in one 
of the two orthogonal directions is primarily torsional. Under this condition, pushover analysis may 
overestimate the horizontal displacements on the plan flexible/weak side (i.e. the one developing 
greater horizontal displacement along the direction of the lateral forces which is the safe side and the 
difference may be ignored). By contrast, pushover analysis underestimates the displacement of the 
stiff/strong side (the difference in the prediction is on the unsafe side and should be taken into 
account) (BSI, 2004c). 
The standard pushover analysis does not capture the effects of higher modes. Therefore, the buildings 
analysed using pushover analysis should conform to the Eurocode-8:part-1 (BSI, 2004c) flexibility 
requirement described in Section 3.2 for the linear static analysis which limits the first mode period. 
3.2.4 Nonlinear time history analysis 
Nonlinear time history analysis allows for a realistic representation of the response under earthquake 
loading. A dynamic time history analysis using step by step integration is a very useful tool to 
determine the seismic performance of a structure subjected to a prescribed ground acceleration 
history. The direct integration methods involve the solution of the equation of motion in (3.6). The 
accuracy of the analysis depends on the selected time step. The smaller the time step, the more 
accurate the results and the greater the computational demand. Nonlinear time history analysis 
captures the displacement and hence the deformation states and the distribution of internal forces 
within the analysed structures at each time step. Thus, it is considered a useful tool for seismic 
assessment of existing structures. 
 ???? ??? ? ???? ??? ? ?????? ? ???? (3.6) 
 
Where 
 
M, C and K are the mass, damping and stiffness matrices 
F is the vector of externally applied loads ?,????  and ???  are the displacement, velocity, and acceleration vectors. 
 
The damping matrix is constructed as a linear combination of the mass and stiffness matrix related to 
coefficients α and β. The damping matrix is typically taken to be of the Rayleigh type. 
 ? ? ??? ? ???  (3.7) 
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Rayleigh damping gives a viscous damping ratio ξ at a circular frequency ω equal to: 
 ? ? ??????? ? ????   (3.8) 
So the mass-proportional part damps out lower frequency components and the stiffness-proportional 
part high-frequency ones. Time histories of ground motion should conform on average with the 5% 
damped elastic response spectrum defining the seismic action to achieve values of damping as close 
as possible to the target value ? ? ? ??? ? ???? within the predominant frequency range of the 
response. 
Nonlinear dynamic analysis is adopted in this research to evaluate the seismic performance of 3D 
framed structures using the Incremental Dynamic Analysis (IDA) method. IDA involves performing 
multiple nonlinear dynamic analyses of a structural model under a series of ground motion records, 
each scaled to several levels of intensity. The scaling levels should be appropriately selected to let the 
structure progress from elastic to nonlinear behaviour followed by structural collapse. Structural 
collapse is defined to occur when either the analysis fails to converge or when the curve becomes 
almost horizontal (Vamvatsikos and Cornell, 2002). 
3.2.4.1 Eurocode 8 requirements for nonlinear time history analysis 
Nonlinear time history analysis is adopted in this research to assess seismically vulnerable RC 
buildings. It is required by Eurocode-8:part-1 (BSI, 2004c) to use as input at least three artificial, 
recorded, or simulated records (or pairs of different records, for analysis in 3D) for nonlinear 
response-history analysis. The results of nonlinear dynamic analyses are averaged, if at least seven 
such analyses are performed; otherwise the most unfavourable results in the analyses performed are 
used (Fardis, 2009). Further checks should be conducted using the results of the nonlinear dynamic 
analysis to assess the existing structures under brittle failure modes and ductile failure modes. Shear 
failure mode is a brittle failure mode and is most likely to happen if the demand shears in the elements 
obtained from the nonlinear analysis are greater than the capacity required by Eurocode-2 (BSI, 
2004b). Furthermore, flexure failure mode is a ductile failure mode which is assumed to occur when 
the demand chord rotations are greater than the chord rotational capacity specified by Eurocode-
8:part-1 (BSI, 2004c) . Further details about shear and rotation checks are given in Chapters 5 and 6. 
In addition, Eurocode-8 requires the hysteresis rules adopted in nonlinear response-history analysis to 
reflect realistically energy dissipation within the expected range of displacement amplitudes. 
Nonlinear element models should be based on mean values of material properties, which are higher 
than design and characteristic values (Fardis, 2009). 
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3.3  ADAPTIC 
ADAPTIC is a general finite element code for nonlinear simulations of structures under extreme 
loading which was developed by Izzuddin (Izzuddin, 1991). The nonlinear analysis of framed 
structures is carried out with fibre models, which are the most fundamental and powerful model for 
one-dimensional members. According to fibre model, the member is discretised longitudinally into 
segments represented by discrete cross sections or slices and then the cross section levels are also 
discretised into finite regions (Fardis, 2009).  
 
Figure 3-1 Monitored sections and section subdivision in a fibre model(Telford, 1996) 
3.3.1 Numerical integration of the equation of motion 
Explicit and implicit methods are used in numerical analysis for obtaining numerical solutions. 
Explicit methods calculate the state of a system at a later time from the state of the system at the 
current time. Implicit methods find a solution by solving an equation involving both the current state 
of the system and the later one. Implicit methods are more computational demanding but are more 
stable than explicit equations. The most widely used implicit integration schemes are: 
• Newmark β-methods. 
• α-Method  (Hilber,  Hughes  and  Taylor). 
• Wilson-θ  and  Collocation  Methods. 
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3.3.2 Newmark β-methods 
Newmark’s (Newmark., 1959) method (also known as average acceleration method), is widely used 
in the structural dynamics community for the numerical integration of a linear set of second order 
Ordinary Differential Equations (ODE) in which a family of integration formulas depend on two 
parameters β and γ and is defined: 
 ???? ? ?? ????????? ?????? ???? ? ??????? ? ????? ???? 
 
 
(3.9) 
 
 
 ????? ????? ??????? ? ????? ? ????????? (3.10) 
 
 
These formulas are used to discretize at time ?? ? ??the equations of motion (3.6) using an integration 
step size ?? inducing the following equation:  
 ?????? ? ??????? ? ?????? ?????? 
 
(3.11) 
 
Based on Equations (3.9) and (3.10) ????? and ???? are functions of the acceleration???????, which in 
Eq (3.11) remains the sole unknown quantity that is obtained as the solution of a linear system. This 
method is implicit and A-stable provided that: 
 ? ? ?? ????????? ? ? ?? ???????  
 
 
(3.12) 
The only combination of ? and ? that leads to a second order integration formula is?? ? ?? and ?? ? ???. 
This choice of parameters produces the trapezoidal method, which is both A-stable and second order. 
The shortcoming of the trapezoidal method is that it does not induce any numerical damping in the 
solution, which makes it impractical for problems that have high-frequency oscillations (Negrut et al., 
2006).  
3.3.3 The Hilber-Hughes-Taylor method (α-Method) 
The major deficiency of the Newmark method is that it does not provide a formula that is A-stable 
and second order with a desirable level of numerical damping (Negrut et al., 2006). The HHT method 
(Hilber et al., 1977) came as an improvement because it preserved the A-stability and numerical 
damping properties, while achieving second order accuracy. The Hilber-Hughes-Taylor (HHT) 
method (also known as the alpha-method) is widely used in the structural dynamics community for 
the numerical integration of a linear set of second Ordinary Differential Equations (ODE). It allows 
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for energy dissipation and second order accuracy (which is not possible with the regular Newmark 
method). Depending on choices of input parameters, the method can be unconditionally stable. 
Equations (3.9) and (3.10) are used to discretize at time ?? ? ??the equations of motion (3.6) using an 
integration step size ?? generating new equation of motion which considers numerical damping 
properties:? 
 ?????? ? ?? ? ????????? ? ???????? ? ?? ? ???????? ? ??? ??? ?????? (3.13) 
 
 
Where  
 ???? ?? ?? ? ?? ? ???? 
 
(3.14) 
 
the HHT method will possess the advertised stability and order properties provided 
 ?? ? ?? ?? ? ?? and  ? ? ?????  , ?? ? ???????  
The smaller the value of α, the more damping is induced in the numerical solution. Note that in the 
limit, the choice α = 0 leads to the trapezoidal method with no numerical damping. 
The integration scheme proposed by Hilber-Hughes-Taylor method (Hilber et al., 1977) is adopted in 
this research for the numerical integration using ADAPTIC, (Izzuddin, 1991) where ? is considered 
as ? ??. 
3.4 Review on the adopted nonlinear solution method 
An incremental iterative strategy is employed in ADAPTIC (Izzuddin, 1991), which is a general 
program for nonlinear static and dynamic analysis of structures, in order to solve the nonlinear 
equations, which represent the response of a structure.  
The nonlinear system is linearized within each iteration by means of a global tangent stiffness matrix 
K. Iterative producers are performed to solve for the linear system of equations. Several methods have 
been proposed in the literature for solving nonlinear equations. The Newton Raphson and Modified 
Newton Raphson methods are some examples of these strategies. 
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3.4.1 The Newton Raphson method  
The stiffness matrix K is formed for all iterations with the Newton Raphson method. Figure 3-2 
illustrates Newton Raphson method strategy for a single degree of freedom system where ?? is the 
incremental displacements and ? is the force vector. This method provides high convergence 
characteristics. However, it is computational demanding due to the formation of the stiffness matrix at 
all iterations. This method is adopted in this research for solving nonlinear equations 
 
Figure 3-2 Newton Raphson method (Izzuddin, 1991). 
3.4.2 The modified Newton Raphson method 
Several attempts have been proposed in the literature to improve the original Newton-Raphson 
method. The modified Newton Raphson method is one of these methods, which incorporates 
modifications in the formulation of the stiffness matrix K. Figure 3-3 demonstrates the modified 
Newton Raphson method where the stiffness matrix is only formed at iteration (0) of each load step. 
The computational demand required to form the stiffness matrix is significantly reduced. However, 
the number of iterations is increased to achieve convergence.  
 
Figure 3-3 Modified Newton Raphson method (Izzuddin, 1991). 
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3.5  Main features of modelling approach 
• A 3D elasto-plastic cubic formulation (Izzuddin, 1991, Izzuddin and Elnashai, 1993), 
developed based on the fibre approach is adopted to simulate the response of RC beams and 
columns. 
• A uniaxial bilinear material model (BSI, 2004a) is adopted to simulate the response of 
reinforcement. 
• A uniaxial nonlinear material model (Karsan and Jirsa, 1969), which account for softening is 
considered to simulate the response of concrete. 
• A novel biaxial nonlinear joint model is developed to simulate the response of exterior and 
corner connections. 
• A simplified linear representation of the floor slab (Yettram and Husain, 1966). 
3.6  Fibre Element Model for Beams and Columns 
A 3D beam-column elasto-plastic cubic formulation, developed based on the fibre approach, is 
adopted in this research. The formulation is proposed by Izzuddin (Izzuddin and Elnashai, 1993, 
Izzuddin and Lloyd Smith, 2000) and it accounts for the spread of plasticity within the element. The 
formulation is capable of modelling the elasto-plastic response of RC beams and columns and 
accounts for material and geometric nonlinearities. The formulation allows for geometric nonlinearity 
due to large displacements and beam-column effect but more significantly for material nonlinearity. 
The formulation accounts for material nonlinearity that occurs due to the yielding of steel, the post-
crushing of concrete, and the effects of strain reversal. Izzuddin (Izzuddin and Elnashai, 1993, 
Izzuddin and Lloyd Smith, 2000) investigated the application of the elasto-plastic cubic formulation 
to the nonlinear analysis of framed structures using the conventional (non-adaptive) method. Adopting 
the conventional method requires dividing all structural members into a number of elasto-plastic cubic 
elements from the start of analysis.  
Some assumptions were made by Izzuddin (Izzuddin and Elnashai, 1993) in the derivation of the 
cubic formulation such that:   
1. Warping strains due to non-uniform torsion are negligible.  
2. Plane sections remain plane after bending deformation. 
3. Shear strains due to flexure are negligible. 
4. The section centroid and shear centre are coincident. 
The proposed cubic formulation assumes cubic shape functions for the transverse displacements v(x) 
and w(x) about the two principal axes respectively. Figure 3-4 illustrates the local freedoms of the 
elasto-plastic cubic formulation which employs a constant centroidal axial strain criterion with the six 
associated local freedoms θy1 ,θz1 ,θy2 ,θz2 ,∆,θT. Thus, the generalised strain consists of centroidal 
axial strain, rate of twist, and curvature strains about the two principal axes.  
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Figure 3-4 Local freedoms of 3D elasto-plastic cubic formulations(Izzuddin and Lloyd Smith, 2000) 
In addition, two Gauss points are used in the cubic formulation for the integration of the virtual work 
equation. The locations of Gauss points are illustrated in Figure 3-5. Furthermore, Gauss integration 
cross sections are divided into a number of monitoring areas where strains and stresses are evaluated 
as shown in Figure 3-6. Reinforced concrete is not a homogenous material. It consists of two different 
materials: concrete and steel rebar. However, the proposed cubic formulation allows for using 
different type of materials within one cross-section. Therefore, different uniaxial material models can 
be used to represent steel and concrete behaviour. The adopted material models in this research are 
investigated in the next section.   
 
Figure 3-5  Location of two Gauss integration sections (Izzuddin and Elnashai, 1993, Izzuddin and Lloyd Smith, 
2000) 
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Figure 3-6 Monitoring areas of elasto-plastic RC section (Izzuddin and Lloyd Smith, 2000) 
3.7  Reinforcement steel material model 
A uniaxial material model (BSI, 2004a) is adopted in this research to simulate the material response of 
mild steel. Figure 3-7 illustrates the bilinear model, which is idealised into a bilinear relationship. The 
elastic steel exhibits a linear stress-strain relationship up to the yield stress where the modulus of 
elasticity represents the slope of the elastic part. The kinematic hardening rule is applied to the plastic 
range where the plastic stress increases linearly with the plastic strain employing a slope equal to 
strain hardening factor. 
 
Figure 3-7 Bilinear model for steel with kinematic hardening (Izzuddin, 2009) 
3.8  Concrete material model 
The uniaxial concrete model proposed by Karsan and Jirsa (Karsan and Jirsa, 1969) is adopted to 
represent the material behaviour of concrete in this research. The model assumes constant 
confinement and is shown in Figure 3-8. The confinement factor ? is assumed to be equal or greater 
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than 1. A second-degree parabola is used to represent the shape of the stress-strain curves which are 
defined as a function of the plastic strain ratio. For a given plastic strain ratio, relationships between 
the strain at which the loading curve will intersect the previous unloading curve (common point) and 
the envelope curve were obtained. The locations of the common points are dependent on the 
magnitude of the maximum stress and strain of the previous cycle. Karsan and Jirsa (Karsan and Jirsa, 
1969) suggested that failure is most likely to happen under repeated loads with stresses exceeding 
about 0.63 f
’
c (the maximum stability limit). They also concluded that loading and unloading curves 
starting from a point within the stress-strain domain were not unique, and the value of stress and strain 
at the peak of the previous loading cycle must be known to estimate the response. The proposed 
model compared well with the experimental results conducted by Karsan and Jirsa (Karsan and Jirsa, 
1969) and Sinha, Gerstle and Tulin specimens (Sinha et al., 1964). The model provides a general 
method for predicting the number of cycles to failure under repeated loads. The computed number of 
cycles to failure for tests in which the load is varied between a given maximum stress level Fmax and a 
minimum stress of zero is shown in Figure 3-9 (a). Both measured and computed values are plotted. 
Since the observed maximum of the stability limit was at a stress ratio of 0.63, the experimental curve 
shown in Figure 3-9 (a) will become asymptotic to ? ? ????. Figure 3-9 (b) shows the computed 
number of cycles to failure for loadings between given maximum and minimum stress levels. The 
maximum stress ratio is plotted along the ordinate. For example, the number of cycles to failure with ???? ? ???? , and ???? ? ???? is approximately 25. Using these curves shown in Figure 3-9 (a) and 
(b), the number of cycles to failure may be estimated. 
 
Figure 3-8 Stress-strain relationship proposed by Karsan and Jirsa for concrete (Izzuddin, 2009). 
k 
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(a)                                                                     (b) 
Figure 3-9 (a)Number of cycles to failure (Fmax =  CONSTANT; Fmin = 0), (b) Number of cycles to failure (Fmax =  
CONSTANT; Fmin ? 0) 
3.9  Proposed joint spring model (Scissor model) 
A simplified joint spring model (also called scissor model) is used in this research to simulate joint 
response. The joint element model is considered as a zero length rotational spring element defined by 
two coincident nodes at the centre of the joint with rigid elements are adopted to simulate the portion 
of the beams and column inside the joint panel area as shown in Figure 3-10. 
The flexural spring simulates joint shear deformation. The kinematics of the adopted joint scissor 
model, shown in Figure 3-10, is similar to the kinematics of other spring models available in the 
literature (Favvata et al., 2008, Hassan, 2011, Park and Mosalam, 2013). The envelope curve 
proposed in the following section is implemented in the uniaxial and biaxial joint hysteretic models. 
The biaxial shear strength is reduced for the hysteretic biaxial joint model following rules proposed in 
the next chapter. 
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Figure 3-10 Joint spring scissor model diagram 
3.10 Proposed moment-rotation envelope curve 
The material constitutive model of the rotational spring element is defined through moment rotation 
backbone curves presented in Figure 3-11. The backbone curve is a tri-linear curve where all the 
cracking and the ultimate shear stiffness are positive while the softening stiffness is assumed constant. 
The proposed envelope curve is used in conjunction with the polygonal hysteretic uniaxial or biaxial 
joint model proposed in the next chapter. Softening is accounted for through a damage index, which 
reduces the joint strength gradually. Further details about the damage index and other hysteretic 
parameters are described in the next chapter. The proposed envelope curve is based on the joint shear 
strength proposed by Vollum and Newman (Vollum and Newman, 1999) and defined through 
moment-rotation envelopes for unconfined and poorly reinforced exterior connections under cyclic 
loading. The validation of the proposed envelope curve is presented in Chapter 4 after the description 
of the biaxial hysteretic model. Although the Vollum and Newman model does not account for 
column axial load variation, it satisfactorily predicts the joint shear strength of unconfined and poorly 
designed exterior connections under cyclic loading. 
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Figure 3-11 Proposed envelope curve. 
As mentioned earlier, the ultimate joint shear strength in the proposed envelope curve is predicted 
using the Vollum and Newman model (Vollum and Newman, 1999) which is one of the most 
attractive models available in the literature due to its simplicity. Despite of its simplicity, the Vollum 
and Newman model (Vollum and Newman, 1999) is capable of predicting the experimental joint 
shear strength of external joints under cyclic loading as shown in chapter 4. The Vollum and Newman 
model was calibrated to predict joint shear strength of exterior connections under monotonic loading. 
Therefore, a correction factor of 0.822, proposed by Lima (Lima, 2010), is adopted to account for the 
reduction in strength observed under cyclic loading. Further details about Vollum and Newman model 
found in Chapter 2. The joint shear strength of unconfined exterior joints subject to seismic loading 
can be predicted using the Vollum and Newman model in conjunction with Lima’s correction factor 
for cyclic loading as follows. 
 ???? ? ????? ? ????????? ?? ? ???????? ? ??????????????????       (3.15) 
Furthermore, Vollum and Newman proposed another equation which predicts joint shear strength with 
transverse reinforcement. Thus, joint shear strength of poorly reinforced exterior connections in the 
envelope curves is calculated as follows considering cyclic effect. 
 ??? ? ????? ??? ????? ? ????????? ? ???????? ? ???????       (3.16) 
Vollum and Newman (Vollum and Newman, 1999) related the maximum possible joint shear strength 
to the joint aspect as follows. 
 ?????????????????????? ?? ???????????? ????????? ? ?????????? ??????????? ??????????? ???? (3.17) 
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The moment transferred through the joint spring ?? is calculated based on the section geometry, 
shown in Figure 3-12, as follows. 
 ???? ????? ??? ??? ???? ??? ?????? ??   (3.18) 
 ?? ?? ?????? ? ? ????? ??????? ?? ??????? ? ? ??????? ???????? ??  (3.19) 
The cracking moment is approximated based on the experimental cracking shear strength available in 
the literature for unconfined exterior connections tested under cyclic loading as follows. 
 ??? ? ???? ???  (3.20) 
 
The cracking, ultimate and collapse rotation are proposed based on (Park and Mosalam, 2013) 
envelope curve where they proposed the rotations based on the experimental response and the aspect 
ratio of unconfined exterior connections tested under cyclic loading.  
The cracking rotation (???? ? ????? 
The rotation at the peak moment (??? ??????????????????? ????  
The ultimate rotation (??????? ? ???? (by fitting). 
Where:  ?? is the beam shear force. ?? is the column shear force. ????is the joint horizontal shear force for poorly reinforced connections. ???? is the joint horizontal shear force for unconfined connections. ? is the length from the beam inflection point to the column face . ?? is the column depth. ?? is the beam depth. ?? is the joint effective width ??? is the concrete stress (MPa) 
β is a coefficient which is set to be 1.00 for connection with L end-bars and 0.90 for connections with 
U end bars. ? is the column height between upper and lower column inflection points. ??is the lever arm. ?? is the beam reinforcement area. ?? is the beam bars stress at ultimate joint shear. 
 ????? is the cross-sectional area of the joint stirrups within the top five-eighths of the beam depth. 
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α = 0.2 [MPa0.5] is a coefficient which suggested by Vollum and Newman which includes the effects 
of the column axial load, the concrete strength, the stirrup index and the joint aspect ratio. ??? is the yield stress of the transverse reinforcement. 
 
 
Figure 3-12 Global free body diagram of exterior beam-column joint (Park and Mosalam, 2009) 
3.11 Simplified diaphragm model 
The finite element method is a powerful and accurate analysis tool but it is time-consuming method 
especially when it is adopted with the analysis of full 3D framed buildings. In recognition of this 
problem, a simplified method is adopted in this research to simulate the behaviour of slab and fibre 
models are implemented to simulate the behaviour of beams and columns. Considering the time cost 
required to analyse 3D framed structure using FE slab, a simplified slab model, suggested by Yettram 
and Husain 1966 (Yettram and Husain, 1966), is implemented in this research to simulate slab 
behaviour in RC structures. The simplified slab is represented using lateral, longitudinal and diagonal 
links. The lateral and the longitudinal links have one spring at the middle of each link to represent the 
axial stiffness and another two springs at the links edges to assemble the flexural stiffness. Diagonal 
links have axial stiffness only. The axial stiffness is AE/L and the flexural stiffness is ?????. 
Unless there is compelling need to use FEs for the diaphragm such as evaluating the implemented 
simplified method and its assumptions and limitations, slab in-plane flexibility can be approximated 
through the value of the moment of inertia Iy of its beams about the normal to the plane of the 
diaphragm, with or without X-bracing added to the model of each slab panel (Fardis, 2009). For a 
CHAPTER 3                 Analysis and Modelling For Seismic Assessment of RC Buildings 
88 
 
diaphragm with thickness h, plan dimensions lx and lz (with direction y reserved for the normal to the 
diaphragm, as in the local coordinate system of the beams), Young’s Modulus E and a Poisson ratio 
value of 0.2, the stiffness for in-plane extension or shear is essentially reproduced if the panel is 
modelled as a horizontal frame with X-bracing having the following properties (Yettram and Husain, 
1966): 
Frame members with length lx are assigned: 
• A flexural rigidity about the normal to the diaphragm: 
 ?????= ???? ?????  (3.21) 
• An axial stiffness: 
 ???? ? ?????? ??? ? ???? ????????  (3.22) 
• X-diagonal have only axial stiffness: 
 ?????? ?????? ?????? ??????? ???????? ?  (3.23) ?? ?and  ?? are shown Figure 3-13 where in frame members parallel to ?? subscript ? replaces ? and 
vice-versa. If Poisson ratio equals to 1/3, the stiffness of the lateral and longitudinal frame members is 
reduced to the axial stiffness only as derived by Hrennikoff (Hrennikoff, 1941).  
 
Figure 3-13 simplified sketch of Yettram and Husain slab model. 
3.12 Yettram and Husain model limitation 
Yettram and Husain model (Yettram and Husain, 1966) is an elastic simplified slab model which 
assumes that the deflection of the slab is small and it assumes that the slab remains elastic during the 
analysis. 
The model is applicable to thin slabs while it would not satisfactory predict the response of thick 
plates because the model is developed based on plate theory. In the plate theory, it is assumed that the 
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deformations are defined by the deformations of its middle plane by an assumed line originally 
normal to the middle plane. Transverse shear deformations are neglected in the thin plates and the 
assumption of a straight line originally normal to the middle plane remain straight and normal after 
plate deformations is reasonable. This assumption would not be adequate for thick slabs (Kerfoot and 
Ostapenko, 1967).  
3.13 Conclusions 
This chapter reviews displacement based analyses proposed by Eurocode-8:part-3 (BSI, 2005) for 
assessing existing structures. It discusses the utilised finite element code ADAPTIC (Izzuddin, 1991) 
and some numerical integration methods. Furthermore, it reviews the adopted nonlinear solution 
method. In addition, it illustrates the techniques for modelling the response of RC buildings under 
seismic loading. It demonstrates the material and element models that are adopted in the numerical 
modelling. It also describes the proposed envelope shear strength curve which is constructed based on 
Vollum and Newman (Vollum and Newman, 1999) shear strength model. 
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Chapter 4.  
Proposed Bidirectional Hysteretic Joint Model 
4.1  Introduction 
Many existing models are available in the literature for predicting the response of external beam 
column joints under unidirectional cyclic loading. However, joints in RC buildings are subjected to 
biaxial loading under seismic loading. Although the interior, edge, and corner connections are all 
subjected to biaxial loading during earthquake events, corner connections are most vulnerable. 
Interior and edge connections are partially confined by beams, which surround interior connections 
from four sides, and the edge connections from two sides. Corner connections, which are not confined 
by beams, can experience significant damage due to biaxial loading during seismic events resulting in 
deterioration to the whole building. Recent earthquakes (Said and Nehdi, 2004, Engindeniz, 2008, 
Sezen et al., 2000) reveal that corner joints are the most critical parts in the structure and that their 
failure can contribute to the collapse of a whole building. Thus, this research is restricts itself to the 
modelling of biaxially loaded corner joints since they are most critical. 
Experimental tests (Hassan, 2011, Akguzel, 2011, Hertanto, 2005, Chen, 2006, Kurose et al., 1988, 
Leon et al., 1986) show that corner beam-column joints subjected to biaxial loading have less strength 
and suffer greater damage than uniaxially loaded joints. The shear strength along the principal 
framing lines of biaxially loaded joints is found to be about 25% less than that for uniaxial loaded 
joints (Hassan, 2011, Hertanto, 2005). Researchers suggest that a circular (or elliptical) biaxial shear 
strength relation is suitable for estimating the strength of biaxially loaded joints (Hassan, 2011). 
Some experimental tests of biaxial loaded corner beam-column connections have been conducted 
under a fixed loading angle of 45 degrees (Hassan, 2011). Other tests have been performed under 
varying angles of loading (Hertanto, 2005, Chen, 2006, Akguzel, 2011) which is more realistic since 
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the angle of loading varies during real seismic events. Comparison of the responses of specimens 
tested under varying (Hertanto, 2005, Chen, 2006, Akguzel, 2011) and fixed loading angles (Hassan, 
2011) reveals significant differences in behaviour. Greater strength degradation is observed in 
cyclically loaded joints tested under varying loading angles than those tested under a fixed 45
o
 loading 
angle. Future experimental tests should be performed to confirm the effect of varying the angle of 
loading on joint response. 
This chapter introduces a polygonal hysteretic joint model, which accounts for the biaxial loading 
effect on corner joints in framed structures. The proposed bidirectional model is governed by a set of 
simplified rules. The model is a modified version of Pivot rules (Dowell et al., 1998) and the three-
parameter model (Park et al., 1987). Pivot rules and the three-parameter model are more attractive 
than other similar models available in the literature due to their simplicity and efficiency in predicting 
the hysteresis response of RC uniaxially loaded beam column connections. The proposed model 
reduces the strength of biaxially loaded corner connections on the basis of a simple elliptical 
interaction curve. In addition, the variation in the angle of loading is accounted for at each loading 
step. The uncoupled damage index is also considered in accordance with the recommendations of 
Park (Park et al., 1987) and Bella (Bella,  2009). Strength degradation along the axis of each beam in 
a corner connection is assumed to be enhanced by degradation in the other direction. Thus, biaxial 
strength degradation is modelled by coupling the uniaxial damage indices of the joint along each 
beam axis using a predefined biaxial degradation parameter. The degradation parameter allows for 
coupling strength degradation by assuming that the strength degradation that happens in one of the 
corner joint directions is influenced by the joint degradation in the other direction.  
The proposed biaxial joint model was developed using  FORTRAN and incorporated into the finite 
element code ADAPTIC (Izzuddin, 1991) to enable an assessment of the influence of biaxial joint 
loading on 3D RC framed structures. Parametric studies are presented which demonstrate the 
numerical robustness of the proposed model under a wide range of biaxial loading scenarios. The 
proposed biaxial model is then shown to be capable of satisfactorily replicating the observed response 
of all the available experimental data on biaxially loaded beam column joints under cyclic loading. 
Subsequent Chapters use the model to evaluate the response of RC framed structures under seismic 
loading. Comparisons are made between the structural responses obtained using rigid, uniaxial, and 
biaxial beam column connections. 
4.2  Relevant Experimental Research into Biaxial-loaded Corner Connections 
Relatively few experimental investigations have been undertaken to evaluate the response of pre-
1970s corner connections, which are typically unconfined or poorly reinforced, under bidirectional 
cyclic loading. Tests have been conducted under uniaxial and biaxial loading conditions with varying 
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angles of loading between the corner joint framing beams by Hertanto, Chen, and Akg?? zel  (Hertanto, 
2005, Chen, 2006, Akguzel, 2011). Other researchers such as Hassan (Hassan, 2011) consider the 
critical loading angle to be 45° and consequently conduct tests under a fixed 45° degree angle of 
loading. However, the angle of loading continually varies during real earthquake events. The 
experimental details, loading condition, specimen configuration and connections response under 
uniaxial and biaxial loading conditions of Hertanto, Chen, Akguzel, and Hassan (Hertanto, 2005, 
Chen, 2006, Akguzel, 2011, Hassan, 2011) tests are presented in detail in Chapter 2. Park and 
Mosalam (Park and Mosalam, 2013a) conducted their tests under alternate loading where one beam 
was loaded at a time. Engindeniz (Engindeniz, 2008) investigated the experimental response of full-
scale un-reinforced corner beam-column joints under alternate cyclic loading followed by 
bidirectional cyclic loading, and evaluated the efficiency of various FRP retrofit schemes. Some of 
these experimental programs are depicted in Figure 4-1. 
 
(a) Akguzel, Hertanto and Chen                        (b) Park and Mosalam                        (c) Murat Engindeniz 
Figure 4-1 Experimental specimens setup for corner connection 
As described in Chapter 2, most biaxial experimental studies of seismically vulnerable corner 
connections reveal that connections tested under biaxial cyclic loading have less strength and greater 
strength degradation than similar specimens tested under uniaxial cyclic loading. Hassan (Hassan, 
2011) concluded that specimens tested under biaxial loading have a 25% reduction in strength when 
compared to uniaxially loaded ones. In addition, Akguzel (Akguzel, 2011) confirmed that corner 
connections tested under biaxial cyclic loading have a 27% reduction in their joint shear strength 
capacity when compared to those tested under uniaxial cyclic loading. Furthermore, seismically 
vulnerable corner joints specimens, investigated by Engindeniz (Engindeniz, 2008), suffered from 
rapid degradation in strength and stiffness under bidirectional loading at relatively low inter-storey 
drift levels (< 2%). 
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4.2.1 Biaxial loading effect summary 
Four experimental tests were found in the literature for corner connections, which have notionally 
identical sections and properties and were tested under uniaxial and biaxial loading. The experimental 
setup and the specimens details are given in Chapter 2.This section investigates the biaxial loading 
effect by summarising the experimental results of the specimens tested under uniaxial and biaxial 
cyclic loading. Additional information on these tests, which were conducted by Hertanto, Chen, 
Akguzel and Hassan (Hertanto, 2005, Chen, 2006, Akguzel, 2011, Hassan, 2011) are provided in 
Chapter 2. 
Table 4-1 and Table 4-2 summarise the peak experimental normalised hogging and sagging joint 
shear stresses respectively. Experimental results are listed for notionally identical corner beam-
column connections tested under uniaxial and biaxial cyclic loading. All the listed specimens failed 
due to joint shear without any hinges developing in the beams or columns. 
Table 4-1 Normalised joint hogging shear stress (peak shear stress/?????  ) (MPa0.5) 
Authors Uniaxial 
Normalised 
stress 
(MPa)0.5 
 
EW Biaxial 
Normalised 
stress 
(MPa)0.5 
 
NS Biaxial 
Normalised 
stress 
(MPa)0.5 
 
EW 
Bi/Uni 
Normalised 
stress 
(%) 
NS 
Bi/Uni 
Normalised 
stress 
(%) 
Max 
Uni/Bi 
Drift 
Ratio 
(%) 
Failure 
mode 
Angle 
of 
loading 
 
Hertanto 
 
0.352 
 
0.239 
 
0.231 
 
32.14% 
Reduction 
 
34.4% 
reduction 
 
4% / 3.2% 
Joint 
shear 
failure 
variable 
 
Chen 
 
0.288 
 
 
0.301 
 
 
0.277 
 
 
4.5% 
increment 
 
3.9% 
reduction 
 
4% / 3.2% 
Joint 
shear 
failure 
 
variable 
 
Akguzel 
 
0.381 
 
 
0.398 
 
 
0.475 
 
 
4.6% 
Increment 
 
24.7% 
increment 
 
4% / 3.2% 
Joint 
shear 
failure 
 
variable 
 
Hassan 
 
0.905 
 
0.816 
 
0.785 
 
9.82% 
Reduction 
 
13.3% 
reduction 
 
10% / 3.5% 
Joint 
shear 
failure 
Fixed 
to 45 
degrees 
 
Table 4-2 Normalised joint sagging shear stress (peak shear stress/?????  ) (MPa0.5) 
Authors Uniaxial 
Normalised 
stress 
(MPa)0.5 
 
EW Biaxial 
Normalised 
stress 
(MPa)0.5 
 
NS Biaxial 
Normalised 
stress 
(MPa)0.5 
 
EW 
Bi/Uni 
Normalised 
stress 
(%) 
NS 
Bi/Uni 
Normalised 
stress 
(%) 
Max 
Uni/Bi 
Drift 
Ratio 
(%) 
Failure 
mode 
Angle 
of 
loading 
 
Hertanto 
 
-0.32 
 
-0.275 
 
-0.269 
 
14.10% 
Reduction 
 
15.95% 
reduction 
 
4% / 3.2% 
Joint 
shear 
failure 
 
variable 
 
Chen 
 
-0.261 
 
 
-0.262 
 
 
-0.296 
 
 
0.1% 
Increment 
 
13.3% 
increment 
 
4% / 3.2% 
Joint 
shear 
failure 
 
variable 
 
Akguzel 
 
-0.485 
 
 
-0.489 
 
 
-0.352 
 
 
0.9% 
Increment 
 
27.27% 
reduction 
 
4% / 3.2% 
Joint 
shear 
failure 
 
variable 
 
Hassan 
 
-1.187 
 
-0.897 
 
-0.897 
 
24.5% 
Reduction 
 
24.5% 
reduction 
 
10% / 3.5% 
Joint 
shear 
failure 
Fixed to 
45 
degrees 
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4.3  Classification of Hysteretic models 
Nonlinear behaviour, accompanied by softening, is representative of RC elements. Strength and 
stiffness degradation, pinching, and asymmetric response are usually evident in the hysteric response 
of the RC members. Mathematical simulation of the hysteretic response is commonly achieved using 
a Polygonal Hysteretic Model (PHM) or a Smooth Hysteretic Model (SHM) (Sivaselvan and 
Reinhorn, 2000). Polygonal models track the stiffness changes along predefined lines that simulate the 
observed response. Smooth models usually track the stiffness changes through a combination of 
component springs. The properties of the component springs in SHM and the rules that control the 
hysteretic response in PHM can be derived from mechanical principles or be calibrated using 
experimental data. 
Researchers have proposed several hysteretic models, which can be classified as either Polygonal 
Hysteretic Models (PHM) or Smooth Hysteretic Models (SHM). The definition of PHM and SHM are 
given in Chapter 2. 
4.4  Overview of existing Polygonal hysteretic models (PHM) 
Many PHM models are available in the literature for predicting the hysteretic response of RC 
members. Elastic perfectly plastic rules were used in the past to predict the nonlinear behaviour of 
steel and RC members. Although these models are simple and can reasonably predict the response of 
steel members, they do not accurately simulate the response of RC members. Other researchers, as 
mentioned below, proposed reliable PHM models, which can accurately predict the nonlinear 
hysteretic response of RC members. 
Takeda (Takeda et al., 1970) introduced a landmark model using a set of general hysteretic rules, 
which predicts the response of RC concrete members. Other researchers have proposed similar 
hysteretic models, which vary in their accuracy and level of sophistication.  
Park (Park et al., 1987) developed a three parameter model comprising a stiffness degradation 
coefficient ?, a strength degradation coefficient ?, and a pinching coefficient ?. The strength 
degradation coefficient is a damage index, which defines the structural damage due to cyclic loading 
as a linear combination of the maximum deformation and the absorbed hysteretic energy. 
Dowell (Dowell et al., 1998) proposed simplified Pivot rules which capture the hysteretic nonlinear 
behaviour of reinforced concrete members. The rules are a modified version of the Takeda (Takeda et 
al., 1970) and Park (Park et al., 1987) models. Pivot rules are described in chapter 2. Despite its 
simplicity, Pivot rules are able to provide an accurate representation of the hysteretic response of RC 
members. 
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4.5  The definition of the uniaxial joint model rules 
The bidirectional model proposed in this thesis is based on Pivot rules, the three-parameter model, and 
a set of simplified rules, which account for biaxial loading effect. This section describes the polygonal 
rules of the uniaxial joint model (Bella,  2009, Izzuddin, 1991), which forms the basis of the proposed 
biaxial model. 
1- A Polygonal hysteretic model is adopted in this study to simulate the behaviour of uniaxially 
loaded beam column connections. The uniaxial joint model is governed by a set of rules that 
depend on the member properties loading history as illustrated in Figure 4-2. A tri-linear 
envelope curve is adopted with the elastic, plastic and softening stiffness all assumed to be 
positive or zero as proposed in the three parameter model (Park et al., 1987). Strength 
degradation is considered by reducing the strength capacity in the hysteretic loop gradually 
using a uniaxial damage index as described in the following. The strength envelope curve of 
Pivot rules (Dowell et al., 1998), described in Chapter 2, is different from that implemented in 
the current uniaxial model (Bella,  2009) in ADAPTIC (Izzuddin, 2009). 
 
Figure 4-2 The uniaxial joint model rules 
The unloading branches in the uniaxial joint model are aimed at Point P3 and Point P1 on the 
elastic positive and negative branches respectively with ordinate -????, where ? is the 
stiffness degradation parameter as shown in Figure 4-2. This rule is adopted in the three 
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parameter model (Park et al., 1987) and Pivot rules (Dowell et al., 1998). The envelope curve 
is defined through moment-rotation relation rather than shear forces-displacement relation. 
This is required since the behaviour of the joint is simulated using flexural rotational spring.  
2- The experimental and fibre model results indicate a softened initial stiffness following a 
nonlinear excursion which can be seen in dynamic tests where the natural period of the 
structure is lengthened at the end of the experiment (Dowell et al., 1998). Thus, the hysteresis 
model considers a softened initial stiffness following a nonlinear excursion. The model 
reduces the initial stiffness based on the uniaxial strength degradation and the maximum 
previous displacement. The elastic loading lines rotate freely as a function of the maximum 
deformation and the uniaxial damage index. This means Point??? and Point ?? which are 
initially defined as (???????? and ????????? are modified at the end of each cycle and once 
strength degradation has occurred in terms of the new yield/crack strength values as follows ????? ????? ? ??????????? and ????? ???? ? ??????????? respectively. 
3- The response follows the strength envelope shown in Figure 4-3 as long as no displacement 
reversal occurs. Once the yield (cracking) deformation has been exceeded (in either 
direction), a subsequent strength envelope is developed requiring the introduction of points ?? 
and ???shown in Figure 4-2 which move along the strength envelope curve and are defined by 
the previous maximum displacements. Thus, at the instant the yield (or cracking) deformation 
has been exceeded, the loading line will aim the moment (or force) at the maximum 
displacement of the previous cycle defined by lines joining points ??? to ?? and points ??? 
to ??. 
 
Figure 4-3 The proposed backbone curve of the uniaxial joint model. 
4- The two loading directions can have different backbone curves. In this way, members which 
are asymmetric may have different initial cracked stiffness as proposed by (Dowell et al., 
1998). 
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5- Strength degradation is considered by reducing the strength capacity in the hysteretic loop 
gradually using a damage index. The uncoupled damage index is a linear combination of the 
maximum displacement (i.e. maximum joint rotation) and the dissipated hysteretic energy. 
The uncoupled damage index ?? suggested by Bella (Bella,  2009), which is a generic 
equation based on the damage index suggested by Park (Park et al., 1987), is adopted in this 
model. The strength is reduced at each cycle using the uncoupled damage index. ( i.e.  ?? ??????? ? ???? ? ??? where ? represents strength) 
 ?? ? ????? ?? ?? ? ?? ? ? ?????? ? ??????????? ?????????? ????        (4.1)  
where:  
• ??? = 1st diagonal cracking strength. 
• ? =strength degradation parameter (? ? ? ? ?)  
• ?? =Dissipated energy  
• ????=Dissipated Energy in a Monotonic Loading  
• ???? =Maximum rotation 
• ??? =Ultimate rotation in a Monotonic Loading 
• ? = Strength degradation parameter which accounts for dissipated energy. 
• ? = Strength degradation parameter which accounts for displacement. 
6- Pinching occurs because of crack closure which occurs due to bond slip failure and is 
considered by defining target points on the loading branches depicted in Figure 4-2 as ???????and????????. These points control the amount of pinching in the hysteretic loop. The 
rule is suggested by Park (Park et al., 1987) and Dowell (Dowell et al., 1998) in the three 
parameter model and Pivot rules respectively.  
7- Pinching points, which are initially fixed, move toward the moment rotation origin once 
strength degradation has developed (Dowell et al., 1998). Pinching points (??and  ??) are 
modified at each cycle once strength degradation has occurred. Once the strength is degraded 
at each cycle based on the uniaxial damage index, pinching points moved toward the 
displacement origin. Thus, point ??? moves to its new location of ???? defined as ????? ????? ? ???????????  and point ??? moves to its new location ???? ????? ????? ???????????? as shown in Figure 4-4. Thus, point ?? in the second cycle aimed toward PP4* 
instead of PP4. 
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Figure 4-4 illustration of the modified pinching points 
4.5.1 The predicted response of a uniaxial connection using the uniaxial joint model 
This section provides two examples of a uniaxialy loaded joint simulated using the uniaxial 
joint model rules described in the previous section. The first example is constructed using a 
simplified loading history. The loading history and the implemented backbone curve are 
shown in Figure 4-5. The experimental backbone curve of Hertanto (Hertanto, 2005) uniaxial 
specimen TDP-2 is implemented with negligible strength degradation and maximum pinching 
which occurs due to bond slip failure. The parameters that are implemented in the uniaxial 
joint model are illustrated in Table 4-3. The response prediction of the uniaxially loaded joint 
is shown in Figure 4-6. It has been obtained using the polygonal rules illustrated in the 
previous section.  
 
Figure 4-5 The imposed rotation and the envelope curve of a uniaxially loaded joint. 
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Table 4-3 The implemented parameters of the uniaxial joint model 
1
st
 diagonal 
shear 
strength  
(N.mm) 
Ultimate 
shear 
strength 
(N.mm) 
Elastic 
stiffness 
(N.mm/rad) 
Plastic 
stiffness 
(N.mm/rad) 
Softening 
stiffness 
(N.mm/rad) 
Stiffness 
degradation 
parameter (α) 
Pinching 
parameter 
(β)  
3.12E+07    3.46E+07   8.20E+09   2.98E+08   0   5  0 ? Strength 
degradation 
parameter 
ε  Strength 
degradation 
parameter for 
energy 
δ  Strength 
degradation for 
displacement 
 
Ultimate positive 
rotation 
(rad) 
Ultimate positive 
rotation for strength 
degradation (???? 
(rad) 
0 15 1.25 0.055 0.035 
 
 
Figure 4-6 The proposed uniaxial response of the simulated joint using the uniaxial joint model. 
The second example is performed with a more complicated loading history and considering strength 
degradation. Figure 4-7 illustrates the imposed loading history and the implemented envelope curve. 
The experimental backbone curve of  Chen (Chen, 2006) uniaxial specimen TDP-2 is implemented. 
The implemented parameters that are required for the uniaxial joint model are illustrated in Table 4-4. 
The predicted uniaxial response of the uniaxially loaded joint, which is simulated using the polygonal 
rules illustrated in the previous section, is depicted in Figure 4-8. 
 
Figure 4-7 The imposed rotation and the envelope curve of a uniaxially loaded joint. 
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Table 4-4 The implemented parameters of the uniaxial joint model 
1
st
 diagonal 
shear 
strength  
(N.mm) 
Ultimate 
shear 
strength 
(N.mm) 
Elastic 
stiffness 
(N.mm/rad) 
Plastic 
stiffness 
(N.mm/rad) 
Softening 
stiffness 
(N.mm/rad) 
Stiffness 
degradation 
parameter (α) 
Pinching 
parameter 
(β)  
3.17E+07 3.19E+07 4.23E+09 2.49E+07 0   5  0.25 ? Strength 
degradation 
parameter 
ε   Strength 
degradation 
parameter for 
energy 
δ   Strength 
degradation for 
displacement 
 
Ultimate positive 
rotation 
(rad) 
Ultimate positive 
rotation for strength 
degradation (???? 
(rad) 
0.85 15 0.9   0.06  0.05 
 
 
Figure 4-8 The proposed uniaxial response of the simulated joint using the uniaxial joint model. 
4.6  Development of the biaxial hysteretic joint model 
The hysteresis models available in the literature were developed considering the response of joints 
under uniaxial loading. However, corner connections are subjected to biaxial loading in RC framed 
building structures. Biaxial loading reduces the shear strength of corner connections potentially 
influencing the global building response under seismic loading. Thus, a simplified model is required 
to address the deficiencies in predicting the hysteretic response of corner joints under biaxial loading. 
This research develops a novel polygonal model that addresses the biaxial loading effect on corner 
joints. The proposed model is constructed using a set of simplified rules, which are able to predict the 
hysteresis biaxial response of corner connections. The proposed model is an extension to the uniaxial 
polygonal models suggested by (Dowell et al., 1998) and (Park et al., 1987). The proposed model 
accounts for asymmetric RC sections. In addition, the biaxial strength is reduced based on a 
predefined simple elliptical interaction curve, which is derived from experimental results available in 
the literature. Moreover, the proposed model addresses the variation in the angle of loading during 
seismic events. Strength degradation is also considered where a coupled degradation parameter is 
proposed to allow for coupling effect. It is assumed that strength degradation in one direction causes 
strength degradation in the other direction. Thus, the strength degradation in one direction is increased 
by a fraction of the strength degradation in the other direction using a coupled strength degradation 
parameter. This research adopts the uncoupled damage index, suggested by (Bella,  2009) and (Park et 
al., 1987), which is a simple linear combination of the ultimate displacement (i.e. joint rotation) and 
the dissipated hysteretic energy. 
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4.6.1 Common terms and notations for the proposed biaxial model 
The key notation used in the definition of the proposed biaxial model is defined below in order to 
avoid repetition and confusion in the following text.  
• The cracking surface: is an elliptical interaction surface defined using the equivalent moment to 
the uniaxial 1
st
 diagonal cracking strength. It is associated with shear failure mode at the joint 
while the reinforcement in beams and columns remains elastic. 
• The ultimate shear strength surface: is an elliptical interaction surface defined using the 
equivalent moment to the maximum uniaxial joint shear strength. 
• The shear strength: refers to the equivalent moment to the joint shear strength. 
• The cracking strength (???): refers to the equivalent moment to the 1st diagonal cracking strength.   
• The ultimate shear strength (??): refers to the equivalent moment to the maximum joint shear 
strength that can develop in the section.   
• ????: Moments developed in the EW-direction (x-direction) of a corner joint at any angle of 
loading (the directions shown in Figure 4-9). 
• ???: Moments developed in the NS-direction (y-direction) of a corner joint at any angle of loading 
(the directions shown in Figure 4-9). 
• ???????????? ?is the equivalent moment to the uniaxial joint strength in the joint x-direction. 
• ????????????  is the equivalent moment to the uniaxial joint strength in the joint y-direction. 
• ??????????? ?is the equivalent moment to the biaxial joint strength in the joint x-direction. 
• ?????????? ?is the equivalent moment to the biaxial joint strength in the joint y-direction. 
• ???????????? is the equivalent moment to the uniaxial joint 1st diagonal cracking strength. 
• ??????????? is the equivalent moment to the ultimate uniaxial joint shear strength. 
• ? is the loading angle between a corner connection x and y loading directions. 
 
Figure 4-9 sketch illustrating the EW and NS directions 
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4.6.2 Proposed rules for addressing the biaxial loading effect  
1- The biaxial strength is calculated on the basis of a predefined elliptical interaction surface: ???????? ????????? ? ???????? ?????????? ? ? ? ?. The biaxial cracking strength and the biaxial ultimate shear 
strength are both defined using elliptical interaction surfaces. However, two flat cut zones are 
introduced in the interaction surface as illustrated in Figure 4-10. This is done to prevent the 
loading branches developing negative slopes, as can occur when the biaxial strength, which varies 
at each step dependent on the angle of loading, is less than ?? ??????????? as shown in Figure 4-11. 
The flat cut zones prevent significant reduction in the biaxial strength when the obtained angle of 
loading is extremely acute or obtuse. The flat cut zones limits are predefined using input 
interaction parameters.  
Therefore, the elliptical equation is modified by increasing the uniaxial strength to imaginary 
denominators due to the intersection of the elliptical curve with the flat cut zones as illustrated in 
Figure 4-10 : 
 ??????? ? ??????? ? ?           (4.2)  ???? ? ? ??????????? ?? ? ?????? ?????? ?? ? ???????         
           (4.3) 
 ???? ? ???????????? ?? ? ?????? ?????? ?? ? ???????         
           (4.4) 
 
Where :  ?? and ?? are input interaction parameters in x and y directions respectively which define the 
interaction surface limits. These parameters are calibrated based on curve fitting the available 
experimental data and the recommended value is 0.65 as shown in Table 4-14, Table 4-16 and 
Table 5-6.  ????and ????are imaginary moments due to the intersection of the elliptical curve with the flat cut 
zones in x and y directions respectively as shown in Figure 4-10 where ??? depicted ?in Figure 
4-10 (a) and (b) as ?????? and ????? respectively and ??? depicted ?in Figure 4-10 (a) and (b) as ?????? and ?????. 
Coupling is initiated at the instant the cracking surface is first intersected and hence the biaxial 
strength capacity is calculated at each loading step based on the interaction surface. The biaxial 
strength  corresponding to point A1 in Figure 4-10 is given by the intersection of the loading line 
and the interaction surface for the loading angles within the elliptical curve and is calculated as 
follows. 
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 ??????????? ??? ? ? ???? ????????? ???????? ??????        (4.5)  
 
 ??????????? ??? ????????????? ??? ?? (4.6) ????????????and ??????????? ?are the biaxial moments in x and y directions for a biaxially loaded 
corner connection where x and y loading directions are defined in Figure 4-1. 
 
(a) 
 
(b) 
Figure 4-10 (a) and (b) The interaction elliptical cracking and ultimate shear surface respectively. 
Furthermore, interaction is not considered for any theta located within the flat cut zones. However, 
coupled strength degradation, which is defined in the next rules, is considered. Thus, the full 
Mcr uniaxial
(y direction)
Mcr uniaxial  
(x direction)
ρy. Mcr uniaxial
(y direction)
ρx. Mcr uniaxial   
(x direction)
θ
Mp uniaxial         
(y direction)
Mp uniaxial  
(x direction)
ρy. Mp uniaxial  
(y direction)
ρx. Mp uniaxial   
(x direction)
θ
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uniaxial strength is provided in one direction within the flat cut zone while the other direction has a 
fraction of its uniaxial strength limited to (?? ?????????????????). 
i.e. ????????? ? ? ???????????????????????????????????????? ?????????? ????????????? ??????? ????????? ???????????????? ????????? ? ???????????????????????? ????????????????? ?????????? ?? ???? ?????????? ??????? ????????? ????????????? 
Different input interaction parameters can be used to define the flat cut zones for asymmetric RC 
section (ie. ??????????? and ??????????? can have different values). The calculated response is 
sensitive to ? as it determines the limits over which the interaction surface is applicable. This can 
make the response uniaxial for cases where the biaxial loading effect is not significant. The 
interaction parameter ? must be greater than the pinching point ? ???? ? ??? in order to avoid any 
downward slope in the response described in Figure 4-11. Furthermore, these parameters should be 
limited to a specific range based on the parametric study described in the next sections where 
(?? ? ???  and ??? ? ?????. 
 
Figure 4-11 Illustration of the downward slope obtained when biaxial strength < β.Mcr uniaxial 
          In addition, the imposed cyclic loading direction on the framing beams of a corner connection 
can be either upward or downward for both beams or one beam can be subject to upwards 
loading while downwards loading is imposed on the other. Therefore, four interaction surfaces 
are required to cover all the loading scenarios as follows: 
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• Hogging-hogging strength surface is located in the first quarter and utilised when ??and ?? 
are both greater than zero  ??? ? ?????? ? ? ???. 
• Sagging-hogging strength surface is located in the second quarter and utilised when ?? ??????? ? ? ??. 
• Sagging-sagging strength surface is located in the third quarter and utilised when ?? ??????? ? ? ? 
• Hogging-sagging strength surface is located in the fourth quarter and utilised when ?? ??????? ? ? ? 
2- The angle of loading (?) varies at each loading step and is calculated based on the moments 
obtained in the previous step (? ?? ??????????????????????? ?????????????????? ?). The initial angle of 
loading at the instant the interaction surface is first intersected is calculated based on the 
uniaxial moments of the previous loading step. 
3- The uniaxial backbone curve of the joint response is assumed to be the same for uniaxial and 
biaxial loading. Thus, the elastic, plastic, and softening stiffness of the envelope curve shown in 
Figure 4-3 are the same for the uniaxial and biaxial joint models. The elastic, plastic and 
softening stiffness are all assumed to be positive or zero in the tri-envelope curve as proposed in 
the three parameter model (Park et al., 1987). The softening stiffness is assumed to be zero. 
4- The unloading branches in the uniaxial joint model are aimed at Point ???and Point ???on the 
elastic positive and negative branch respectively with ordinate -????, where ? is the stiffness 
degradation parameter as shown in Figure 4-2 and Figure 4-12. This rule is suggested by the 
three parameter model (Park et al., 1987) and Pivot rules (Dowell et al., 1998).  
5- Pinching occurs because of crack closure which occurs due to bond slip failure and is 
considered by defining target points on the loading branches depicted in Figure 4-2 and Figure 
4-12 as ????????? and ?????????. These points control the amount of pinching in the hysteretic 
loop. The rule is suggested by (Park et al., 1987) and (Dowell et al., 1998) in the three parameter 
model and pivot rules respectively.  
6- The primary pivot points (? and ?), which control pinching and stiffness, are fixed to the 
uniaxial, rather than biaxial, cracking strength ?????????????as shown in Figure 4-12. This is 
required to avoid inconsistencies in the response which would otherwise occur as a result of the 
biaxial cracking strength changing at each step due to the change in loading angle and, hence, 
interaction surface. Thus, pivot primary points ?? and ??  are fixed to the uniaxial strength and 
depicted in Figure 4-13 as (????????????????? and ?????????????????? and the primary pivot points ??? and ??? are fixed to the uniaxial strength and shown as ?????????????????? and ??????????????????.  
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7- The primary pivot points, which control pinching and stiffness degradation, are initially fixed to 
the uniaxial strength. These points are then modified at each cycle once strength degradation 
occurs. Once the strength is degraded at each cycle based on the biaxial damage index ???????????? these points which are initially defined in terms of the initial uniaxial strength as  ????????????????????? ????????????????????? ??????????????????? and ?????????????????? depicted in 
Figure 4-13, are modified based on the biaxial damage index ????????? as ????? ????? ??????????? ????????, ????? ????? ? ?????????? ????????, ???? ????? ? ?????????? ????????, and ????? ????? ? ??????????? ???????. This has been performed following (Dowell et al., 1998) 
observation where the experimental and fibre model results indicate a softened initial stiffness 
following a nonlinear excursion  and hence a softened initial stiffness should be considered. 
Furthermore, Pinching points, which are initially fixed, should move toward the moment 
rotation origin once strength degradation has occurred (Dowell et al., 1998) based on the 
experimental results. 
 
Figure 4-12  Fixing Beta to β. Mcr uniaxial and fixing alpha to ?.Mcr 
8- The response follows the strength envelope shown in Figure 4-3 as long as no displacement 
reversal occurs. Once the yield/cracking deformation has been exceeded (in either direction), a 
subsequent strength envelope is developed requiring the introduction of points??? and ???shown 
in Figure 4-2 which move along the strength envelope curve and are defined by the previous 
maximum displacements. However, the branches aimed at points??? and ?? are constructed by 
aiming at the peak biaxial moment of the previous cycle, depicted as ??? in Figure 4-13 for the 
positive loading, considering any reduction in the biaxial moment due to strength degradation. 
Thus the slope ??? connecting points ??? and ??? is defined as follows: 
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 ??? ? ?????????????????????????????? ? ???????????????????????????????????????????????? ? ?????????????????????? ???             (4.7)  
This is required to prevent slope changes that may arise if the slope is defined based on the 
strength properties that keep changing at each loading step in the biaxial joint model if based on 
the current angle of loading. Thus, at the instant the yield/cracking deformation has been 
exceeded, the loading line will aim the biaxial moment (or force) at the maximum displacement of 
the previous cycle defined by lines joining points???? to????  and ??? to????  for the positive and 
negative loading case in Figure 4-13.  
 
 
Figure 4-13 Biaxial hysteretic model rules 
9- Strength degradation (softening) is considered globally using a coupled strength degradation ??????????formula. The uncoupled damage index, illustrated in Section 4.5, is adopted in this 
research for calculating the uncoupled degradation for each direction separately. However, it is 
assumed that strength degradation in one direction is influenced by the degradation that occurs 
in the other direction. Thus, a fraction of the uncoupled strength degradation in one direction is 
accounted for in the other direction using a biaxial degradation parameter µ where 0 ?µ? ?. 
The coupled damage index ????????? ?is considered for asymmetric sections in x and y 
directions as follows: 
 ????? ?????? ? ????? ????????????????????????????????????? ?????? ? ????? ???? ????? ?????? ? ????? ????????????????????????????????????? ?????? ? ????? ????                (4.8) 
Where: 
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• ????? and ?????  are the coupled positive and negative degradation indices in the x-
direction. 
•  ????? and ????? are the coupled positive and negative degradation indices in the y-
direction 
• ???? and ?????are the uncoupled positive and negative degradation indices in the x-
direction.  
• ???? and ???? are the uncoupled positive and negative degradation indices in the y-
direction. 
• ????, ????: the positive and negative biaxial degradation parameters which accounts for the  
degradation in  the y-direction..  
• ????, ???? : the positive and negative biaxial degradation parameters which accounts for 
degradation in the x-direction. 
 
10- If one beam is unloaded whilst the other is still being loaded (i.e. out of phase loading scenario 
where the angle of loading between the two beams keeps varying) as shown in Figure 4-14 (a), a 
discontinuity potentially arises in in the response of the loaded beam as shown in Figure 4-14 
(b). The discontinuity arises because the moment of resistance provided by the joint at the end of 
the loaded beam increases when the other beam is unloaded. This causes a discontinuity in the 
calculated response of the loaded beam. To avoid this scenario, an additional loading branch is 
added to the hysteretic curve of the loaded beam to avoid the discontinuity in response shown in 
Figure 4-14 (b). The additional branch is only added to the hysteretic curve of the loaded beam 
when the other beam is unloaded as this causes the discontinuity seen in Figure 4-14 (b). 
  
                                                            (a)                                                                                                 (b) 
Figure 4-14 Discontinuity arises in the joint response under out of phase loading scenario 
Out of phase loading scenario
EW-imposed load
NS-imposed load
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The stiffness of the additional branch equals to the stiffness of the loaded beam at the instant 
unloading initiates in the other beam. Thus, the stiffness of the additional branch depends on the 
branch location of the loaded beam at the instant unloading initiates in the other beam. The possible 
choices of the additional loaded branches are illustrated in Table 4-5 and Figure 4-15 and are denoted 
as branches: 13, 14, 15, 16, 17, and 18. The stiffness of the possible additional loading branches are 
illustrated mathematically in Table 4-5 and graphically in Figure 4-15. 
Table 4-5 The slope definitions of the possible additional branches ?????????????????????????? ??
? ????????????????????? ??????????????????????????? ? ???????????????????????????????????????????????? ? ?????????????????????? ???????????????????????? ????? ????????????????????????????????????????? ????????????????????? ? ???????????????????????? ????? ???????????????????????????????????????????????????????????? ?? ? ????????????????????? ? ???????????????????????? ?? ? ????????????????????? ? ??????????????????????????????? ??
? ?????????????????????? ??????????????????????????? ? ???????????????????????????????????????????????? ? ?????????????????????? ???????????????????????? ????? ?????????????????????????????????????????????????????????????? ? ???????????????????????? ????? ???????????????????????????????????????????????????????????? ?? ?????????????????????? ? ????????????????????????? ?? ?????????????????????? ? ?????
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Figure 4-15 Graphic illustration of the possible additional branches (C:Cycle) 
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The hysteresis rules of the proposed biaxial model are implemented into FORTRAN following the 
flow chart illustrated in Figure 4-16. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
Figure 4-16 Flow chart illustrating the coupled subroutine procedures (Cont’d). 
??????? ? ??????? ? ? ? ??
Define the cracking surface based on an elliptical curve equation considering two flat cut zones for acute and 
obtuse loading angles. 
Check under the current loading whether the cracking surface is intersected or not. 
Input the strength, stiffness and other required properties for the EW and NS joints. 
Interaction starts 
Check whether the angle of loading is located 
within the flat cut zone or not. 
Yes No 
Solve the system uniaxially before the occurrence 
of the 1
st
 diagonal crack. 
This is also done for the cases where the input 
interaction parameter is selected too large for 
cases where biaxial loading effect in insignificant. 
Solve the system uniaxially in x and y directions 
to get the positive and the negative uniaxial 
strength degradation in x and y direction. 
Calculate the coupled strength degradation based 
on the uniaxial degradation in x and y directions 
and an input biaxial degradation parameter ??. 
Solve the system uniaxially without reducing 
the strength properties for x and y direction. 
However, the coupled strength degradation 
parameters are considered 
Solve the system biaxially by reducing the strength 
properties  based on the elliptical equation for x and y 
direction. Also, the coupled strength degradation 
parameters are considered. 
Yes No 
The coupled subroutine has these assumptions 
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Figure 4-16 Flow chart illustrating the coupled subroutine procedures. 
 
 
 
 
 
 
 
 
 
 
 
Pivot points Alpha (?) and Beta (???are defined in terms of the 
uniaxial cracking strength. 
Current cycle loading branch aims the maximum biaxial moment 
of the pervious cycle. 
The strength of the loaded beam will increase based on the current loaded beam 
stiffness whilst the other beam is unloaded. Thus, loading branches were 
implemented to cover all scenarios that may happen. 
Repeat the above procedures at each loading step 
Calculate the angle of loading         
(? ? ? ?????????? ????? ? 
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4.7  The robustness of the proposed biaxial model under various loading scenarios 
This section investigates the robustness of the proposed model under various cyclic loading scenarios. 
The experimental backbone curve of  (Hertanto, 2005) uniaxial specimen TDP-2 is implemented for 
the joint EW and NS directions as shown in Figure 4-17. The selected section and properties of the 
simulated specimen TDP-2 allow joint shear failure to occur prior to beam or column reinforcement 
yielding. The softening stiffness is assumed to be zero. In addition, strength degradation is not 
considered in this simulation in order to illustrate the effect of biaxial loading alone on the ultimate 
joint strength. The biaxial strengths of corner connections are simulated under constant loading angle 
(in-phase loading scenario) so they can be predicted in advance and under varying loading angle (out 
of phase loading scenario). Furthermore, maximum pinching is considered in order to plot the exact 
biaxial loading pattern starting from zero instead of the pinching points (The maximum pinching 
occurs at β = 0). The implemented strength, stiffness and other required parameters for the proposed 
model are shown in Table 4-6. The selected specimen TDP-2 has a symmetric RC cross section. 
Further details of the specimen are given in Chapter 2.  
Table 4-6 EW and NS joint input parameters 
1
st
 diagonal 
shear 
strength  
(N.mm) 
Ultimate 
shear 
strength 
(N.mm) 
Elastic 
stiffness 
(N.mm/rad) 
Plastic 
stiffness 
(N.mm/rad) 
Softening 
stiffness 
(N.mm/rad) 
Stiffness 
degradation 
parameter (α) 
Pinching 
parameter 
(β)  
3.12E+07    3.46E+07   8.20E+09   2.98E+08   0   5  0 ? Strength 
degradation 
parameter 
ε   Strength 
degradation 
parameter 
for energy 
δ   Strength 
degradation 
for 
displacement 
 
Ultimate 
positive 
rotation 
(rad) 
Ultimate 
positive 
rotation for 
strength 
degradation 
(???? (rad) 
ρ interaction 
parameter 
which limit 
interaction 
surface 
biaxial 
degradation 
parameters 
µ 
0 15 1.25    0.060 0.035 0.3 0 
 
 
 
Figure 4-17 Implemented backbone curve                        
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The selected envelope shown in Figure 4-17 is simulated under the following loading scenarios:  
• In phase loading, which is a specific loading scenario where both beams are loaded and 
unloaded simultaneously. Different loading angles of 10, 30, and 45 degrees are selected to 
cover all the loading cases. Some of these angles are located within the interaction surface 
while others are located within the flat cut zones. 
• Out of phase loading, under varying loading angle by employing a short delay to the NS 
direction of the in phase loading. 
• Special out of phase loading under constant loading angle of 30 degrees. 
• Alternate loading. 
4.7.1 In-phase loading under 30 degrees loading angle 
Figure 4-18 (b) shows the imposed biaxial rotations employing a constant 30 degrees loading angle 
with the horizontal. The imposed EW rotation is higher than the NS one as shown in Figure 4-18 (a) 
because the angle of loading is at 30 degrees to the horizontal. The predicted biaxial strength envelope 
is plotted in Figure 4-19 (b) where it is seen to be a line at 30 degrees to the horizontal. Furthermore, 
Figure 4-19 (a) shows the predicted EW biaxial response, which is greater than the NS one as 
expected. The reduction in the biaxial strength is obtained on the basis of the proposed elliptical 
interaction equation. The predicted EW and NS biaxial response is plotted against the uniaxial 
response in Figure 4-20 (a) and (b) respectively in order to check the reduction in the biaxial strength 
due to biaxial loading. The reduction in the strength capacity due to biaxial loading is significant 
especially for the NS joint (y-direction) as expected.  
  
(a)                                                                                                    (b) 
Figure 4-18 (a) The imposed EW and NS rotations, (b) Biaxial lateral displacement 
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(a)                                                                                       (b) 
Figure 4-19 (a)The predicted EW and NS biaxial response, (b) the predicted biaxial shear strength. 
 
(a)                                                                                       (b) 
Figure 4-20 The predicted (a) EW and (b) NS biaxial response vs the uniaxial pivot model 
4.7.2 In-phase loading under 45 degrees loading angle  
Figure 4-21 (a) shows the biaxial rotations imposed on each beam for a constant loading angle of 
45
o
. The imposed EW and NS rotations shown in Figure 4-21 (b) are the same because the angle 
of loading is 45 degrees. The predicted biaxial strengths are plotted in Figure 4-22 (b). 
Furthermore, Figure 4-22(a) shows the predicted EW and NS biaxial strengths, which are 
obtained with the proposed elliptical interaction equation, are the same as expected. The predicted 
EW and NS biaxial responses are plotted against the uniaxial response in Figure 4-23 (a) and (b) 
respectively in order to check the reduction in the biaxial strength due to biaxial loading. The 
reduction in the strength capacity due to biaxial loading is significant in both directions as 
expected. 
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(a)                                                                               (b) 
Figure 4-21  (a) The imposed EW and NS rotations, (b) Biaxial lateral displacement 
  
(b)                                                                               (b) 
Figure 4-22  (a) The predicted EW and NS biaxial response, (b) the predicted biaxial shear strength 
  
(a)                                                                               (b) 
Figure 4-23  (a) The predicted (a) EW and (b) NS biaxial response vs the uniaxial pivot model 
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4.7.3 In-phase loading under 5 degrees loading angle 
Figure 4-24 (b) shows the imposed biaxial rotations for a constant 5 degrees loading angle located 
within the flat cut zone. Figure 4-25 (a) shows the maximum moments in the EW beam are 
greater than in the NS one as expected. There is no reduction in the EW biaxial strength since the 
loading angle is located within the flat cut zone. However, the NS strength is limited to a fraction 
of its strength of (?.???????????) as assumed by the proposed biaxial model.  
The predicted EW and NS biaxial responses are plotted against the uniaxial response in Figure 
4-26 (a) and (b) respectively in order to check the reduction in the biaxial strength due to biaxial 
loading. The reduction in the strength capacity due to biaxial loading is significant for the NS 
joint (y-direction) as expected.  
 
(b)                                                                                       (b) 
Figure 4-24  (a) The imposed EW and NS rotations, (b) Biaxial lateral displacement 
 
(a)                                                                                       (b) 
Figure 4-25  (a) The predicted EW and NS biaxial response, (b) the predicted biaxial shear strength 
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(b)                                                                                       (b) 
Figure 4-26 The predicted (a) EW and (b) NS biaxial response vs the uniaxial pivot model 
4.7.4 Out of phase loading under delayed 30 degrees loading angle 
Out of phase loading causes the loading angle to vary at each load step. A short delay is applied to the 
NS in phase rotations shown in Figure 4-18 (a) (30 degrees with the horizontal) producing an out of 
phase loading shown in Figure 4-27 (a). The imposed biaxial rotation pattern is shown in Figure 4-27 
(b) in which the loading direction is counter clockwise (ccw). The predicted biaxial joint shear 
strength is illustrated in Figure 4-28 (b). Furthermore, Figure 4-28 (a) shows the predicted EW biaxial 
joint strength, which is greater than the NS one as expected. There is no reduction in the EW ultimate 
biaxial strength because the loading angle is located within the flat cut zone at the instant 1
st
 diagonal 
cracking arises. However, the NS strength is limited to a fraction of its strength of (?.???????????) as 
assumed in the proposed model. A similar response is observed in the ultimate biaxial shear strength 
of specimen 3D1 tested by  (Akguzel, 2011) where under out of phase loading the joint shear strength 
reduced in one direction only (i.e. the NS direction). The EW ultimate biaxial shear strength equals to 
the full uniaxial strength capacity. The experimental results of Akguzel specimens are described in 
Section 4.8.3 and in Chapter 2. 
The predicted EW and NS biaxial response is plotted against the uniaxial response in Figure 4-29 (a) 
and (b) respectively in order to check the strength reduction due to biaxial loading. The reduction in 
the strength capacity due to biaxial loading is significant for the NS joint (y-direction) as expected.  
In addition, the predicted response is investigated under out of phase and in-phase loading. The 
response is evaluated under a constant 30
o
 loading angle and under a varying loading angle arising 
from a short delay to the NS loading. The two cases are compared in Figure 4-30 (a) and (b) for the 
EW and NS directions respectively. The predicted responses of the two cases are relatively close. 
According to the proposed model, the reduction in the ultimate shear strength of corner joints is 
greatest under out of phase loading but in one direction only. The reduction in the strength depends on 
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the applied loading history, the variation in the loading angle , the loading angle at 1
st
 cracking, the 
interaction parameter and the biaxial loading direction. 
  
(a)                                                                                       (b) 
Figure 4-27  (a) The imposed EW and NS rotations, (b) Biaxial lateral displacement 
  
(a)                                                                                       (b) 
Figure 4-28  (a) The predicted EW and NS biaxial response, (b) the predicted biaxial shear strength 
  
(a)                                                                                       (b) 
Figure 4-29 The predicted (a) EW and (b) NS biaxial response vs the uniaxial pivot model 
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(a)                                                                                       (b) 
Figure 4-30 The predicted response under out of phase and in-phase loading for the (a) EW and (b) NS directions. 
4.7.5 Out of phase loading under delayed 5 degrees loading angle 
 A short delay is applied to the NS rotations shown in Figure 4-24 (a) (5 degrees with the horizontal) 
producing the out of phase loading shown in Figure 4-31 (a). The imposed biaxial rotation pattern is 
shown in Figure 4-31 (b) in which the loading direction is ccw. The angle of loading keeps changing 
within the flat cut zone. Thus, there is no reduction in the EW ultimate biaxial strength while the NS 
biaxial strength is limited to a fraction of its strength of (?.???????????) as assumed in the proposed 
model. The predicted biaxial shear strength is illustrated in Figure 4-32 (b). Furthermore, Figure 4-32 
(a) shows the predicted EW biaxial strength, which is greater than the NS one as expected.  
The predicted EW and NS biaxial response is plotted against the uniaxial response in Figure 4-33 (a) 
and (b) respectively in order to check the reduction in the strength due to biaxial loading. The 
reduction in the strength capacity due to biaxial loading is significant for the NS joint (y-direction) as 
expected.  
In addition, the predicted response is investigated under out of phase and in-phase loading scenario. 
The response is evaluated under a constant 5 degrees angle and under varying angle by allowing for a 
short delay to the in-phase NS loading. The comparison between the two cases is evaluated in Figure 
4-34 (a) and (b) for the EW and NS directions respectively. The predicted responses of the two cases 
are relatively close. The proposed model showed that the reduction in the ultimate shear strength of 
corner joints under out of phase loading is critical and severe for one direction only for small loading 
angles. The reduction in the strength depends on the applied loading history, the variation in the 
loading angle, the loading angle at 1
st
 cracking, the interaction parameter and the biaxial loading 
direction. 
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(a)                                                                                       (b) 
Figure 4-31 ( a) The imposed EW and NS rotations, (b) Biaxial lateral displacement 
  
(a)                                                                                       (b) 
Figure 4-32  (a) The predicted EW and NS biaxial response, (b) the predicted biaxial shear strength 
  
(a)                                                                                       (b) 
Figure 4-33 The predicted (a) EW and (b) NS biaxial response vs the uniaxial pivot model 
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(a)                                                                                       (b) 
Figure 4-34 The predicted response under out of phase and in-phase loading for the (a) EW and (b) NS directions. 
4.7.6 Special out of phase loading under constant 30 degrees angle of loading 
This type of loading is considered a special case of the out of phase loading scenario. The imposed 
rotations on the EW and NS joints are phase to phase where the peak displacements are applied 
simultaneously in both directions employing a constant 30
o
 angle of loading as shown in Figure 4-35 
(a) and (b). The predicted biaxial response is shown in Figure 4-36 (b) producing 30 degrees loading 
angle with the EW direction. The predicted EW biaxial response shown in Figure 4-36 (a) is greater 
than the NS one as expected. The EW strength is greater than the NS strength since the angle of 
loading is 30 degrees with the EW direction. The predicted EW and NS biaxial responses are plotted 
against the uniaxial responses in Figure 4-37 (a) and (b) respectively to illustrate the reduction in 
strength due to biaxial loading. The reduction in the ultimate strength capacity due to biaxial loading 
is significant especially for the NS joint (y-direction) as expected.  
 
(a)                                                                                       (b) 
Figure 4-35  (a) The imposed EW and NS rotations, (b) Biaxial lateral displacement 
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(a)                                                                                       (b) 
Figure 4-36  (a) The predicted EW and NS biaxial response, (b) the predicted biaxial shear strength 
 
(a)                                                                                       (b) 
Figure 4-37 The predicted (a) EW and (b) NS biaxial response vs the uniaxial pivot model 
4.7.7 Alternate loading 
Alternate loading is a kind of uniaxial loading where one beam is loaded at time as shown in Figure 
4-38 (a). The corresponding biaxial rotation is shown in Figure 4-38 (b). The predicted biaxial 
strength is illustrated in Figure 4-39 (b). The predicted strength is the same for both directions and 
equals the full uniaxial strength capacity as shown Figure 4-39 and Figure 4-40. 
CHAPTER 4                                                            Proposed Bidirectional Hysteretic Joint Model 
124 
 
 
(a)                                                                                       (b) 
Figure 4-38  (a) The imposed EW and NS rotations, (b) Biaxial lateral displacement 
 
(a)                                                                                       (b) 
Figure 4-39  (a) The predicted EW and NS biaxial response, (b) the predicted biaxial shear strength 
 
(a)                                                                                       (b) 
Figure 4-40 The predicted (a) EW and (b) NS biaxial response vs the uniaxial pivot model 
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4.7.8 Discussion and overview 
The previous section investigated the response of the proposed model under various types of 
simplified loading. The aim was to illustrate the calculated biaxial response under a suite of possible 
loading scenarios including out of phase loading, in-phase loading and alternate loading to check the 
robustness of the proposed model. Strength degradation was not considered in the previous section in 
order to illustrate the effect of biaxial loading alone on the ultimate joint strength. The angle of 
loading remains constant for in-phase loading but varies at each loading step for out of phase loading. 
Thus, the ultimate biaxial strength can be calculated in advance under in-phase loading where the 
biaxial strength is given by the intersection of the loading line and the interaction surface for the 
loading angles within the elliptical curve. This is illustrated in section 4.7.1 and 4.7.2 for the loading 
angles 30 degrees and 45 degrees located within the elliptical curve. Section 4.7.3 describes the in-
phase loading case where the angle of loading is located within the flat cut zones. Thus, interaction is 
not considered for any theta located within the flat cut zones and hence the full uniaxial strength is 
provided in one direction while the other direction has a fraction of its uniaxial strength limited to 
(?? ?????????????????). 
The angle of loading keeps varying during real earthquake events and hence natural ground motions 
are considered as out of phase loading scenario. According to the proposed model, the reduction in the 
ultimate shear strength of corner joints is greatest under out of phase loading but severe for one 
direction only. This basically depends on the angle of loading at the instant the interaction surface is 
first intersected. If the angle of loading is small, that is located within the flat cut zone then the 
reduction in the ultimate biaxial strength is limited to one direction. Furthermore, the biaxial response 
significantly depends on the implemented interaction parameter that specifies the limits of the 
interaction surface and the flat cut zones. The angle of loading keeps changing while it is most likely 
small under the peak displacements. Thus, for loading angles located within the flat cut zone, 
interaction is not considered and the full uniaxial strength is provided in one direction while the other 
direction has a fraction of its uniaxial strength limited to (?? ?????????????????).This case is described 
in Section 4.7.4 and 4.7.5. The same biaxial response is also depicted in one of the experimental tests 
conducted under out of phase loading scenario. The experimental ultimate biaxial shear strength of 
specimen 3D1 tested by (Akguzel, 2011) under out of phase loading scenario is reduced in one 
direction only (i.e. the NS direction). The EW ultimate biaxial shear strength equals to the full 
uniaxial strength capacity as shown in section in 4.8.3.  
In Section 4.7.7, the proposed model is also evaluated under alternate loading, which is considered a 
type of uniaxial loading where each beam is loaded in turn. The predicted biaxial strength is the same 
for both directions and it equals to the full uniaxial strength capacity as expected. The influence of 
strength degradation is investigated in the next sections. 
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4.8  Proposed Model validation  
This section validates the proposed biaxial model with experimental data from tests on notionally 
identical corner beam-column connections tested under uniaxial and biaxial cyclic loading. Four such 
sets of tests were found in the literature. All the specimens failed due to joint shear without any hinges 
developing in the beams or columns. The tests were conducted by Hertanto, Chen, Akguzel and 
Hassan (Hertanto, 2005, Chen, 2006, Akguzel, 2011, Hassan, 2011). 
The experimental envelope curves of the uniaxial 2D specimens are used to define the uniaxial joint 
shear strength of the EW and NS directions in the biaxial specimens in order to isolate the effect of 
biaxial loading. The same lateral loading is used in the numerical simulations as in the tests of the 3D 
biaxial loaded specimens. The biaxial experimental sets were numerically simulated using the 12 
parameters used to best fit the uniaxial response, the biaxial degradation parameter and the interaction 
parameter. The latter two were selected to best fit the experimental biaxial response. As shown below, 
the proposed model satisfactorily replicates the observed biaxial experimental response for all the 
available experimental results.  
4.8.1 Hertanto  
As described in Chapter 2, Hertanto (Hertanto, 2005) tested beam-column sub-assemblages under 
uniaxial and biaxial cyclic loading. Both specimens were notionally identical apart from the omission 
of the second beam in the uniaxial specimen. He imposed a cloverleaf biaxial lateral displacement 
sequence, in which the angle of loading varied at each step, causing out of phase loading. Figure 4-41 
(b) illustrates the adopted biaxial cloverleaf lateral displacement for the biaxial specimen, which is 
defined in polar coordinates as follows:  
• ???? ? ??????? ?????????????????????????? ?? ?????? ???????
• ????? ?? ????????????
• ??is the target displacement (where???is the magnitude of the maximum displacement 
vector at an angle of 45 degrees to the principal axis) 
• ? is any angle between 0 and 90. 
One complete cycle of the clover-shape was performed at each specified drift level. In this way, 3D 
specimens were subjected to two excursions into the positive and negative direction in the x-axis and 
y-axis during each complete cycle. Figure 4-42 shows the lateral displacement applied to the top of 
the column in the uniaxial test. The imposed lateral displacement of the biaxial loaded specimen is 
illustrated in Figure 4-43 and Figure 4-44 for the joint EW and NS directions respectively. The 
backbone curve shown in Figure 4-41 (a) for the biaxially loaded specimen is the experimental 
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envelope for the 2D specimen. Further details of the specimens and test procedure are given in 
Chapter 2. 
  
(a)                                                                                       (b) 
Figure 4-41 (a) Implemented backbone curve, (b) Biaxial lateral displacement 
 
Figure 4-42 Imposed uniaxial lateral displacement applied at the column top of the 2D specimen. 
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Figure 4-43 Imposed lateral displacement applied at the top of the 3D specimen column EW direction. 
 
Figure 4-44 Imposed lateral displacement applied at the top of the 3D specimen column NS direction. 
4.8.1.1 The uniaxial response vs the experimental response 
The backbone curve shown in Figure 4-41 (a) was derived from the uniaxial test results. Although the 
2D specimen has symmetric reinforcement, the hogging and sagging experimental shear strength were 
unequal. This could have happened due to the variation in the column axial load during the test. 
Further details about the influence of varying column axial load are described in Chapter 2. 
The implemented uniaxial envelope curve is symmetric shear strength because the beams were 
symmetrically reinforced. The joint shear strength corresponding to sagging bending moments in the 
beam was adopted in the analysis. The first twelve parameters shown in Table 4-7 and Table 4-8 were 
selected to give a best fit the uniaxial experimental response. Several trials have been performed to 
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observed strength degradation. The predicted response underestimates the hogging strength because 
the experimental sagging strength, which is less than the experimental hogging strength, is used to 
define the envelope curve. 
Table 4-7 EW joint input parameters 
1
st
 diagonal 
shear 
strength  
(N.mm) 
Ultimate 
shear 
strength 
(N.mm) 
Elastic 
stiffness 
(N.mm/rad) 
Plastic 
stiffness 
(N.mm/rad) 
Softening 
stiffness 
(N.mm/rad) 
Stiffness 
degradation 
parameter (α) 
Pinching 
parameter 
(β)  
2.81E+07 3.12E+07 5.62E+09 3.85E+08 0   15  0.3 ? Strength 
degradation 
parameter 
ε   Strength 
degradation 
parameter 
for energy 
δ   Strength 
degradation 
for 
displacement 
 
Ultimate 
positive 
rotation 
(rad) 
Ultimate 
positive 
rotation for 
strength 
degradation 
(???? (rad) 
ρ interaction 
parameter 
which limit 
interaction 
surface 
biaxial 
degradation 
parameters 
µ 
0.9 15 1.25    0.065 0.065 0.75 0.6 
 
Table 4-8 NS joint input parameters 
1
st
 diagonal 
shear 
strength  
(N.mm) 
Ultimate 
shear 
strength 
(N.mm) 
Elastic 
stiffness 
(N.mm/rad) 
Plastic 
stiffness 
(N.mm/rad) 
Softening 
stiffness 
(N.mm/rad) 
Stiffness 
degradation 
parameter (α) 
Pinching 
parameter 
(β)  
2.81E+07 3.12E+07 5.62E+09 3.85E+08 0   15  0.3 ? Strength 
degradation 
parameter 
ε   Strength 
degradation 
parameter 
for energy 
δ   Strength 
degradation 
for 
displacement 
 
Ultimate 
positive 
rotation 
(rad) 
Ultimate 
positive 
rotation for 
strength 
degradation 
(???? (rad) 
ρ interaction 
parameter 
which limit 
interaction 
surface 
biaxial 
degradation 
parameters 
µ 
0.9 15 1.25    0.065 0.065 0.60 0.60 
 
 
Figure 4-45 The proposed uniaxial shear strength vs the experimental response 
uniaxial-joint model
Experimental
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4.8.1.2 The proposed biaxial response vs the experimental response 
The first twelve parameters, which were selected to best fit the uniaxial experimental response, were 
used in the simulation of the biaxial response of specimen DD-1. The biaxial degradation parameter 
and the interaction parameter were selected to best fit the biaxial response. All the implemented 
parameters, which are required to simulate the biaxial response, are shown in Table 4-7 and Table 4-8. 
The definitions of the input and degradation parameters are illustrated in Section 4.5 and 4.6. The 
adopted interaction parameters of the EW and NS joints are different because the EW and NS 
experimental response are not the same.  
 Figure 4-46 shows that the calculated response of the biaxial model is very close to the observed 
response. The calculated biaxial joint shear strength in each direction depends on the angle of loading 
at the instant the cracking surface is first intersected. Higher interaction parameters can restrict the 
limits of the interaction surface to avoid any early cracking at acute or obtuse loading angles. Figure 
4-47 show the proposed biaxial cloverleaf shear strength. 
  
(a)                                                                                       (b) 
Figure 4-46 The proposed biaxial shear strength vs the  experimental response for the joint  (a)EW and (b) NS directions 
 
Figure 4-47 The proposed biaxial cloverleaf shear strength 
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4.8.2 Chen  
Chen (Chen, 2006) tested 2D and 3D beam-column sub-assemblages under uniaxial and biaxial cyclic 
loading. Both specimens had notionally the same dimensions and properties apart from concrete 
strength. The 3D specimen DD-2 had a higher concrete strength than the 2D specimen TDP-2. Thus 
the experimental joint shear strength of the 2D specimen envelope curve is multiplied by a correction 
factor (fc 
0.5
(DD2)/ fc
0.5 
(TDP2)) in order to isolate the effect of biaxial loading. Figure 4-49 shows the 
lateral displacements applied to the top of the column of the uniaxially loaded specimen. A CCW 
cloverleaf biaxial displacement is adopted to simulate the biaxial displacements applied to the 
biaxially loaded 3D specimen. The construction of the cloverleaf loading is illustrated in section 4.8.1. 
The resulting biaxial cloverleaf displacement is shown in Figure 4-48 (b). The corresponding lateral 
displacements imposed on the EW and NS beam are shown in Figure 4-50 and Figure 4-51 
respectively. The experimental backbone curve of the 2D specimen shown in Figure 4-48 (a) was 
used for both beams in the 3 D specimen. Further details about the specimens and the test setup are 
given in Chapter 2. 
  
(a)                                                                                       (b) 
Figure 4-48 (a) Implemented backbone curve, (b) Biaxial lateral displacement 
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Figure 4-49 Imposed uniaxial lateral displacement applied at the column top of the 2D specimen. 
 
Figure 4-50 Imposed lateral displacement applied at the top of the 3D specimen column EW direction. 
 
Figure 4-51 Imposed lateral displacement applied at the top of the 3D specimen column NS direction. 
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4.8.2.1 The uniaxial response vs the experimental response 
 The first twelve parameters shown in Table 4-9 are selected to best fit the uniaxial experimental 
response. The uniaxial response is evaluated vs the experimental response in Figure 4-52. The 
uniaxial model is shown to be able to capture the experimental response.  
Table 4-9  EW and NS joint input parameters 
1
st
 diagonal 
shear 
strength  
(N.mm) 
Ultimate 
shear 
strength 
(N.mm) 
Elastic 
stiffness 
(N.mm/rad) 
Plastic 
stiffness 
(N.mm/rad) 
Softening 
stiffness 
(N.mm/rad) 
Stiffness 
degradation 
parameter (α) 
Pinching 
parameter 
(β)  
3.17E+07 3.19E+07 4.23E+09 2.49E+07 0   5  0.25 ? Strength 
degradation 
parameter 
ε   Strength 
degradation 
parameter 
for energy 
δ   Strength 
degradation 
for 
displacement 
 
Ultimate 
positive 
rotation 
(rad) 
Ultimate 
positive 
rotation for 
strength 
degradation 
(???? (rad) 
ρ interaction 
parameter 
which limit 
interaction 
surface 
biaxial 
degradation 
parameters 
µ 
0.85 15 0.9   0.06  0.05 0.7 negligible 
 
 
Figure 4-52 The proposed uniaxial shear strength vs the experimental response 
4.8.2.2 The proposed biaxial response vs the experimental response 
The implemented parameters required to simulate the biaxial response are shown  in Table 4-9. The 
first twelve parameters were selected to best fit the uniaxial experimental response. The biaxial 
degradation parameter and the interaction parameters were selected to best fit the biaxial response 
where the definitions of these parameters are demonstrated in Section 4.5 and 4.6. 
The experimental uniaxial and biaxial responses are almost the same for this experimental set. Thus, 
the implemented parameters are selected to best fit the response by ensuring that the interaction 
uniaxial model
Experimental
response
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surface is not intersected. Thus, the proposed EW ultimate biaxial lateral force equals to the NS 
ultimate biaxial lateral force and the ultimate uniaxial lateral force as shown in Figure 4-52 and Figure 
4-53. Any variation in the biaxial degradation parameter will not affect the biaxial response in this 
case since the response is uniaxial. 
The proposed biaxial model is shown to satisfactorily replicate the observed biaxial experimental 
response even for the cases where the reduction in the biaxial shear strength is negligible. Figure 4-53 
(a) and (b) show the EW and NS proposed response vs the experimental response respectively for the 
biaxial 3D corner connection. The experimental EW hogging biaxial strength is 4.5% greater than the 
experimental uniaxial strength as illustrated in Table 4-1. The experimental NS biaxial sagging 
strength is 13% greater than the experimental uniaxial strength as shown in Table 4-2. This explains 
the difference between the ultimate lateral forces of the proposed biaxial model with respect to the 
biaxial experimental response in Figure 4-53 (a) and (b). Figure 4-54 shows that the measured and 
calculated cloverleaf patterns are very close. 
  
(a)                                                                                       (b) 
Figure 4-53 The proposed biaxial response vs the experimental response for the joint (a) EW and (b) NS directions 
 
Figure 4-54 The proposed biaxial cloverleaf response vs the experimental response 
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4.8.3 Akg?? zel  
Akguzel (Akguzel, 2011) tested 2D and 3D beam-column sub-assemblages under uniaxial and biaxial 
cyclic loading. Both specimens had notionally the same dimensions and properties apart from the 
omission of the second beam in the uniaxially loaded specimen. The imposed lateral displacement at 
the top of the column of the uniaxial specimen, is shown in Figure 4-56. A CCW cloverleaf biaxial 
displacement is adopted to simulate the biaxial displacement of the 3D specimen. The construction of 
the cloverleaf loading is described in Section 4.8.1. The biaxial cloverleaf displacement shown in 
Figure 4-55 (b) was implemented where the imposed lateral displacement on the EW and NS beam is 
shown in Figure 4-57 and Figure 4-58 respectively. The envelope curve is the experimental shear 
strength envelope of the 2D specimen 2D1 and is implemented for the EW and NS directions of the 
biaxial specimen and shown in Figure 4-55 (a). Further details about the specimens and the test are 
given in Chapter 2. 
  
(a)                                                                                       (b) 
Figure 4-55 (a) Implemented backbone curve, (b) Biaxial lateral displacement 
 
Figure 4-56 Imposed uniaxial lateral displacement applied at the column top of the 2D specimen. 
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Figure 4-57 Imposed lateral displacement applied at the top of the 3D specimen column EW direction. 
 
Figure 4-58 Imposed lateral displacement applied at the top of the 3D specimen column NS direction. 
4.8.3.1 The uniaxial response vs the experimental response-Calibration option1 
The implemented uniaxial envelope curve, shown in Figure 4-55 (a), assumes the same joint shear 
strength for hogging and sagging moments because the beam is symmetrically reinforced. The 
experimental hogging joint shear strength is used to define the implemented hogging and sagging 
joint shear strengths in the uniaxial envelope curve implemented in the uniaxial and biaxial joint 
simulations. The first twelve parameters shown in Table 4-10 are selected to give a best fit to the 
measured uniaxial response. The calculated and measured uniaxial responses are compared in Figure 
4-59. The experimental uniaxial lateral force is greater than the simulated uniaxial lateral force 
because the experimental hogging strength is selected to define the hogging and sagging strength in 
the implemented envelope curve shown in Figure 4-55 (a). The uniaxial model is seen to be able to 
capture the experimental response.  
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Table 4-10 EW and NS joint input parameters 
1
st
 diagonal 
shear 
strength  
(N.mm) 
Ultimate 
shear 
strength 
(N.mm) 
Elastic 
stiffness 
(N.mm/rad) 
Plastic 
stiffness 
(N.mm/rad) 
Softening 
stiffness 
(N.mm/rad) 
Stiffness 
degradation 
parameter (α) 
Pinching 
parameter 
(β)  
3.10E+07 3.59E+07 3.26E+09 4.64E+08 0   5  0.41 ? Strength 
degradation 
parameter 
ε   Strength 
degradation 
parameter 
for energy 
δ   Strength 
degradation 
for 
displacement 
 
Ultimate 
positive 
rotation 
(rad) 
Ultimate 
positive 
rotation for 
strength 
degradation 
(???? (rad) 
ρ interaction 
parameter 
which limit 
interaction 
surface 
biaxial 
degradation 
parameters 
µ 
0.85 15 1.15 0.06  0.06 0.65 0.85 
 
 
Figure 4-59 The proposed uniaxial response vs the experimental response 
4.8.3.2 The proposed biaxial response vs the experimental response-Calibration option1 
In Option 1, the twelve parameters, selected to give a best fit of the uniaxial experimental response, 
are used to simulate the biaxial response of specimen 2D3. The biaxial degradation parameter and the 
interaction parameter are selected to give a best fit to the biaxial response. All the implemented 
parameters required to simulate the biaxial response are shown in Table 4-10. The definitions of the 
input and degradation parameters are illustrated in Section 4.5 and 4.6. 
The reduction in the ultimate experimental biaxial shear strength is depicted in the NS joint only 
under CCW cloverleaf loading for this experimental set. The experimental EW sagging shear strength 
of the uniaxial and biaxial specimens is almost the same. By contrast, 27.3% reduction in the 
experimental sagging shear strength was depicted in the NS direction due to biaxial loading. 
Furthermore, a 24 % increment in the hogging strength was obtained in the NS direction under biaxial 
loading. The reason for this asymmetrical response is unclear. 
uniaxial
model
Experimental
response
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The implemented uniaxial envelope curve, shown in Figure 4-55 (a), assumes the hogging and 
sagging joint shear strengths to be equal since the beam is symmetrically reinforced. The experimental 
uniaxial hogging shear strength is used to define the implemented hogging and sagging shear strength 
in the uniaxial envelope curve. This explains the difference between the biaxial EW experimental and 
simulated negative lateral forces shown in Figure 4-60 (a). The calculated and measured biaxial 
responses are compared in Figure 4-60 (a) and (b) for the EW and NS directions. The proposed model 
is seen to replicate the observed response including the observed strength degradation. Figure 4-61 
shows that the calculated and experimental biaxial cloverleaf envelopes compare well. 
The calculated biaxial joint shear strength in each direction depends on the angle of loading at the 
instant the cracking surface is first intersected. Increasing the interaction parameters ? limits reduction 
in joint strength of the least loaded beam at acute or obtuse loading angles.  
 
(a)                                                                                       (b) 
Figure 4-60 The proposed biaxial response vs the experimental response for the joint (a) EW and (b) NS directions           
 
Figure 4-61 The proposed biaxial cloverleaf response vs the experimental response 
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4.8.3.3 The uniaxial response vs the experimental response-Calibration option2 
The model was recalibrated using the backbone curve shown in Figure 4-62 (a) which was derived 
from the uniaxial test results. The implemented backbone curve is defined using the experimental 
uniaxial sagging shear strength, which is greater than the experimental uniaxial hogging strength that 
was used in Option 1 to define the envelope shown in Figure 4-55 (a). 
The experimental loading history of the uniaxial specimen shown in Figure 4-56 is implemented to 
simulate the lateral displacement. The first twelve parameters shown in Table 4-11 are selected to best 
fit the uniaxial experimental response. The uniaxial response is evaluated vs the experimental 
response in Figure 4-62 (b). The uniaxial model is shown to be able to capture the experimental 
response.  
 
(a)                                                                                       (b) 
Figure 4-62 a) Implemented backbone curve, b) The proposed uniaxial response vs the experimental response 
Table 4-11 EW and NS joint input parameters 
1
st
 diagonal 
shear 
strength  
(N.mm) 
Ultimate 
shear 
strength 
(N.mm) 
Elastic 
stiffness 
(N.mm/rad) 
Plastic 
stiffness 
(N.mm/rad) 
Softening 
stiffness 
(N.mm/rad) 
Stiffness 
degradation 
parameter (α) 
Pinching 
parameter 
(β)  
4.02E+07 4.66E+07 3.26E+09 4.64E+08 0   15  0.41 ? Strength 
degradation 
parameter 
ε   Strength 
degradation 
parameter 
for energy 
δ   Strength 
degradation 
for 
displacement 
 
Ultimate 
positive 
rotation 
(rad) 
Ultimate 
positive 
rotation for 
strength 
degradation 
(???? (rad) 
ρ interaction 
parameter 
which limit 
interaction 
surface 
biaxial 
degradation 
parameters 
µ 
0.95 15 1.15 0.06  0.042 0.65 0.65 
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4.8.3.4 The proposed biaxial response vs the experimental response-Calibration option2 
The implemented parameters, which were selected to best fit the uniaxial experimental response, are 
implemented to simulate the biaxial response of specimen 2D3. Implementing higher shear strength in 
the envelope curve with the selected parameters prompted the 1
st
 diagonal biaxial shear strength of the 
initial cycles to arise inside the interaction surface. Thus, the ultimate biaxial shear strength at the 
initial cycles equals to the ultimate uniaxial shear strength and hence no reduction is captured in the 
EW and NS ultimate biaxial shear strength. However, the interaction surface is intersected for the 
subsequent cycles where the biaxial degradation parameter is considered to capture the degradation in 
the biaxial shear strength. 
The biaxial degradation parameter and the interaction parameter are also selected to best fit the biaxial 
response. All the implemented parameters which are required to simulate the biaxial response are 
given in Table 4-11. The definitions of the input and degradation parameters are illustrated in Section 
4.5 and 4.6. 
The proposed biaxial response with the current calibration shows good agreement with the 
experimental response because the experimental ultimate biaxial shear strength is reduced for the 
sagging strength of the NS direction only. However, the NS hogging strength and the EW hogging 
and sagging strength are either equal or greater than the ultimate uniaxial strength as shown in Table 
4-1 and Table 4-2. The current calibration shows good agreement with the experimental response 
because it assumes that the reduction in the ultimate biaxial shear strength capacity is negligible. 
Figure 4-63 (a) and (b) show the EW and NS proposed response vs the experimental response 
respectively for the biaxial 3D corner connection. Figure 4-64 shows the proposed biaxial cloverleaf 
response where the proposed and the experimental response are close. 
 
(a)                                                                                       (b) 
Figure 4-63 The proposed biaxial response vs the experimental response for the joint (a) EW and (b) NS directions 
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Figure 4-64 The proposed biaxial cloverleaf response vs the experimental response 
4.8.4 Hassan 
Hassan (Hassan, 2011) tested two notionally identical corner connections under alternate and biaxial 
loading. Further details about the specimens and the test can be found in Chapter 2. The tests were 
conducted under a constant 45 degrees angle of loading. Lateral displacements were imposed at the 
ends of the beams. The envelope curve, which is implemented for the EW and NS directions of the 
biaxial specimen and shown in Figure 4-67 (a), is the experimental shear strength envelope of the 
alternate loaded specimen.  
The lateral displacement that was alternately applied to the beam ends is shown in Figure 4-65. The 
lateral displacements applied to the beam ends of the biaxially loaded specimen are shown in in 
Figure 4-66. The biaxial lateral displacement is a 45 degrees line (in-phase loading) as depicted in 
Figure 4-67 (b). 
 
Figure 4-65 Imposed uniaxial lateral displacement applied at the beam edge of the 2D specimen. 
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Figure 4-66 Imposed lateral displacement applied at the beam edges EW and NS directions. 
   
(a)                                                                                       (b) 
Figure 4-67 (a) Implemented backbone curve, (b) Biaxial lateral displacement 
4.8.4.1   The uniaxial response vs the experimental response 
The backbone curve shown in Figure 4-67 (a) was implemented in the uniaxial joint model. The 
experimental loading history of the uniaxial specimen shown in Figure 4-65 was used to simulate the 
lateral displacement. The experimental uniaxial sagging joint shear strength is greater than the 
hogging shear strength. The experimental sagging shear strength is selected to construct the uniaxial 
backbone curve which is symmetric as shown in Figure 4-67 (a). 
The first twelve parameters shown in Table 4-12 were selected to give a best fit to the uniaxial 
experimental response. The uniaxial response is compared with the experimental response in Figure 
4-68 which shows that the uniaxial model is able to replicate the experimental response.  
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Table 4-12 EW and NS joint input parameters 
1
st
 diagonal 
shear 
strength  
(N.mm) 
Ultimate 
shear 
strength 
(N.mm) 
Elastic 
stiffness 
(N.mm/rad) 
Plastic 
stiffness 
(N.mm/rad) 
Softening 
stiffness 
(N.mm/rad) 
Stiffness 
degradation 
parameter (α) 
Pinching 
parameter 
(β)  
5.36E+08 5.40E+08 3.91E+10 4.88E+08 0   2/15 0.01/0.35 ? Strength 
degradation 
parameter 
ε   Strength 
degradation 
parameter 
for energy 
δ   Strength 
degradation 
for 
displacement 
 
Ultimate 
positive 
rotation 
(rad) 
Ultimate 
positive 
rotation for 
strength 
degradation 
(???? (rad) 
ρ interaction 
parameter 
which limit 
interaction 
surface 
biaxial 
degradation 
parameters 
µ 
0.43 15 1.25 0.0968 0.05 0.4  0.21 
 
 
Figure 4-68 The proposed uniaxial  shear strength vs the  experimental response 
4.8.4.2 The proposed biaxial response vs the experimental response 
The measured joint shear strength of the biaxial specimen B-J-1 is 25 % less than the capacity of the 
alternate loaded specimen under negative lateral loads. This reduction is not obvious under positive 
lateral loads where joint shear strength capacity decreases 10% due to biaxial loading. The proposed 
biaxial model shows good agreement with the experimental response for the hogging and sagging 
strength in both directions. A 25% reduction is depicted in the simulated biaxial response in both 
directions under constant 45 degrees loading angle based on the elliptical interaction surface and the 
interaction parameter. However, the implemented hogging strength in the envelope curve is greater 
than the experimental uniaxial hogging strength because the symmetric uniaxial envelope curve 
shown in Figure 4-67 (a) was used in the biaxial model. This explains the good agreement between 
the simulated and experimental hogging strengths.   
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The twelve parameters, which were selected to best fit the uniaxial experimental response, were used 
to simulate the biaxial response of specimen B-J-1. The biaxial degradation parameter and the 
interaction parameter were selected to give a best fit to the biaxial response. All the implemented 
parameters which are required to simulate the biaxial response are shown in Table 4-12. The 
definitions of the input and degradation parameters are given Sections 4.5 and 4.6. 
The proposed biaxial model is shown to be able to predict the experimental response under constant 
angle of loading. Figure 4-69 (a) and (b) show the EW and NS compare the measured and calculated 
responses of the biaxially loaded connection. Figure 4-70 shows the biaxial cloverleaf shear strength 
diagram reduces to a 45
o
 line. 
 
(a)                                                                                       (b) 
Figure 4-69 The proposed biaxial response vs the experimental response for the joint (a) EW and (b) NS directions           
 
Figure 4-70 The proposed biaxial shear strength 
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4.9  Angle of loading variation effect 
The influence of varying the loading angle is investigated in this section by comparing the 
experimental response available in the literature for specimens tested under fixed and varying biaxial 
loading. Biaxial and uniaxial degradation parameters of 0.43 and 0.21 respectively were selected to 
give a best fit to the biaxial response obtained experimentally by Hassan (Hassan, 2011) for a fixed 
loading angle of 45 degrees. These degradation parameters are relatively low compared with those 
needed to best fit the experimental results of Hertanto  (0.9, 0.6) and Akguzel (0.85, 0.85) (Hertanto, 
2005, Akguzel, 2011) who conducted tests using cloverleaf loading in which the loading angle 
continuously varies. Table 4-13 summarises the degradation parameters of the biaxial joint model 
which were selected to best fit the experimental responses shown in Figure 4-46, Figure 4-53, Figure 
4-60, and Figure 4-69. Furthermore, the peak drift ratios of the biaxial and the uniaxial loaded 
assemblages conducted under varying loading angle are approximately 3.2% and 4% respectively as 
shown in Table 4-1 and Table 4-2. Thus, 20% reduction in the drift ratio capacity is captured due to 
biaxial loading effect considering the variation in the angle of loading. The peak drift ratios of the 
biaxial and uniaxial specimens conducted by Hassan under 45 degrees loading angle are 3.5% and 
10% respectively as shown in Table 4-1 and Table 4-2. The reduction in the drift ratio capacity due to 
biaxial loading is very severe under constant 45 degrees loading angle where the peak drift ratio of the 
biaxial assemblage is 65% less than that in the uniaxial assemblage.  
The comparison between the available experimental tests gives insight into the effect of varying the 
loading angle during the test. Varying the loading angle during the test seems to cause greatest 
damage and higher degradation in joint shear strength compared to the fixed 45 degrees loading angle. 
Furthermore, the reduction in the drift ratio capacity due to biaxial loading appears more significant 
under constant 45 degrees loading angle. Further tests are required to confirm the influence of the 
loading angle on strength degradation and drift ratio. This would involve testing notionally identical 
specimens under varying and fixed loading angles. Table 4-1 and Table 4-2 summarise the reduction 
in strength and drift due to biaxial loading.  
Table 4-13 Angle of loading effect 
Researcher Loading 
angle 
? Strength 
degradation 
parameter 
ε   Strength 
degradation 
parameter for 
energy 
δ   Strength 
degradation for 
displacement 
(rotation) 
biaxial 
degradation 
parameters 
µ 
Hertanto 
(Hertanto, 2005) 
varying 0.9 15 1.25 0.6 
Chen 
(Chen, 2006) 
varying 0.85 15 0.9 negligible 
Akguzel 
(Akguzel, 2011) 
varying 0.85 15 1.15 0.85 
Hassan 
(Hassan, 2011) 
45ᵒ 0.43 15 1.25 0.21 
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4.10  Sensitivity parametric study for the proposed model implemented parameters 
This section presents a parametric study, which was carried out to investigate the sensitivity of the 
proposed biaxial joint model to its input parameters. The study examines the influence of each input 
parameter on the joint biaxial response. The parametric study is conducted on the (Hertanto, 2005) 
specimens. Further details about the specimens and the uniaxial and biaxial joint response are 
described in Section 4.8.1 and Chapter 2. The uniaxial and biaxial response of the proposed model 
which is selected to best fit the uniaxial and biaxial experimental response are shown in Figure 4-71 
(a) and (b) for the joint EW and NS directions respectively.  
4.10.1 The uniaxial vs the biaxial response 
The uniaxial and biaxial response of the proposed model which is selected to best fit the uniaxial and 
biaxial experimental response are shown in Figure 4-71 (a) and (b) for the joint EW and NS directions 
respectively. 
 
(a)                                                                                       (b) 
Figure 4-71 The proposed biaxial vs the uniaxial response for Hertanto joint a)EW and b) NS directions 
The influence of the required parameters which control joint’s biaxial response is examined in this 
section starting from the baseline that is used to best fit the experimental biaxial response of Hertanto 
specimen DD1. The definitions of the proposed model parameters are described in Section 4.5 and 
4.6. The parameters are varied in the current parametric study within a proposed range illustrated in 
Section 4.11 for the proposed biaxial joint model. The proposed range is calibrated based on the 
biaxial experimental response of several tests, available in the literature, conducted under biaxial and 
uniaxial loading. The parameters required to simulate the proposed biaxial joint model are as follows.  
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4.10.2 The interaction parameter????? 
The interaction parameter ????limits the application of the interaction surface by introducing flat cut 
zones that are defined using the interaction parameter. The flat cut zones are required to prevent 
negative slopes in the response that would otherwise occur if the biaxial cracking strength ???????????, 
which changes at each load step due to the change in loading angle, is less than the pinching point ??????????????. Thus, ??must be greater than ??. It is also necessary to limit the reduction in the biaxial 
strength under acute and obtuse loading angles. The definition of the interaction parameter is 
illustrated in Section 4.6. The influence of the interaction parameter is investigated under various 
levels starting from the baseline of 0.75 for the joint EW direction and 0.6 for the NS direction, which 
are selected to best fit the experimental biaxial response of Hertanto 3D specimen DD1. Several trials 
have been performed to find the parameters that best fit the experimental response. The biaxial 
response is simulated under relatively low and high interaction parameters as shown in Figure 4-72 (a) 
and (b) for the joint EW and NS directions. The biaxial response significantly depends on the angle of 
loading at the instant the cracking surface is first intersected. If the angle of loading at the peak lateral 
displacement is acute or obtuse so that it is located within the flat cut zones at the instant the 
interaction surface is first intersected, the reduction in the peak biaxial strength is limited to one 
direction only. This depends on the imposed lateral loading and is an assumption which requires 
experimental investigation. This is the case that is illustrated in Figure 4-73 where the angle of 
loading is extremely obtuse and hence it is located within the flat cut zone at the instant the interaction 
surface is first intersected. The biaxial cracking strength is defined by point A1 in Figure 4-73 at the 
instant the interaction surface is first intersected. Thus, the interaction parameter ??, shown in Figure 
4-73, limits the reduction in the biaxial strength of the EW joint (x-direction) as depicted in Figure 
4-72 (a). However, the biaxial strength of the NS joint equals to the full uniaxial strength and the 
influence of interaction parameter ?? is negligible since the interaction surface is intersected at obtuse 
loading angles under this loading case as shown in Figure 4-72 (b). Increasing the interaction 
parameters ?? will increase the EW biaxial strength, which is limited to  ?? ? ????????? under this 
loading condition. 
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(a)                                                                                       (b) 
Figure 4-72 The proposed biaxial response under various levels of interaction factor for the joint (a) EW and (b) NS 
directions 
 
Figure 4-73 Illustration for the cases where loading angles located within the flat cut zones. 
4.10.3 The biaxial degradation parameter ??? 
The proposed biaxial model assumes that strength degradation in one direction is influenced by the 
degradation that happens in the other direction. Thus, a fraction of the uncoupled strength degradation 
in one direction is accounted for in the other direction using a biaxial degradation parameter ?. The 
definition of the biaxial degradation parameter is illustrated in Section 4.6. The physical base of ? 
requires further research. The influence of the biaxial degradation parameter is investigated under 
various levels starting from the baseline of 0.6, which gives the best fit to the experimental biaxial 
response of Hertanto 3D specimen DD1.The biaxial response is simulated under relatively low and 
high damage factors as shown in Figure 4-74 (a) and (b) for the joint EW and NS directions. Higher 
biaxial degradation parameters can introduce higher strength degradation as depicted in Figure 4-74. 
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(a)                                                                                       (b) 
Figure 4-74 The proposed biaxial response under various levels of the biaxial degradation parameter for the joint (a) 
EW and (b) NS directions 
4.10.4 Strength degradation parameter (?? 
The uncoupled damage index is a linear combination of the maximum joint rotation and the dissipated 
hysteretic energy. The uncoupled damage index???, defined in equation (4.1), is governed by the 
strength degradation parameter ???, the energy degradation parameter (?? and the displacement 
degradation parameter ???. The definition of the uniaxial damage index is illustrated in Section 4.5 
and 4.6.The influence of the strength degradation parameter ??? is investigated in this section under 
various levels starting from the baseline of 0.9 for the joint EW and NS direction, which is selected to 
best fit the experimental biaxial response of Hertanto 3D specimen DD1. The biaxial response is 
simulated under relatively low and high strength degradation parameter ??? as shown in Figure 4-75 
(a) and (b) for the joint EW and NS directions. Higher strength degradation parameter ??? introduces 
higher strength degradation as expected.  
 
(a)                                                                                       (b) 
Figure 4-75 The proposed biaxial response under various levels of strength degradation parameter ??? for the joint 
(a)EW and (b) NS directions 
CHAPTER 4                                                            Proposed Bidirectional Hysteretic Joint Model 
150 
 
4.10.5  Strength degradation parameter for energy ??? 
The influence of the  strength degradation parameter for energy, which is used in the definition of the 
uncoupled damage index??? in equation (4.1), is investigated. The definition of the ultimate energy 
strength degradation parameter ????is illustrated in Section 4.5 and 4.6. The biaxial response is 
simulated under various levels starting from the baseline of 15 for the joint EW and NS direction, 
which is selected to best fit the experimental biaxial response of Hertanto 3D specimen DD1. The 
biaxial response is calibrated under relatively low and high strength degradation parameter for energy ??? as shown in Figure 4-76 (a) and (b) for the joint EW and NS directions respectively. The uniaxial 
damage index increases with lower energy degradation parameter?????as expected. 
 
(a)                                                                                       (b) 
Figure 4-76 The proposed biaxial response under various levels strength degradation parameter for energy for the 
joint (a)EW and (b) NS directions 
4.10.6   Strength degradation parameter for displacement (joint rotation) ??? 
The strength degradation parameter for displacement ??? (i.e. joint rotation) is incorporated in the 
definition of the uncoupled damage index??? given in equation (4.1). The definition of the  strength 
degradation parameter is illustrated in Section 4.5 and 4.6. The influence of the ultimate displacement 
for strength degradation parameter is investigated under various levels starting from the baseline of 
1.25 for the joint EW and NS direction, which is selected to best fit the experimental biaxial response 
of Hertanto 3D specimen DD1. The biaxial response is simulated under relatively low and high  
strength degradation parameter for displacement as shown in Figure 4-77 (a) and (b) for the joint EW 
and NS directions. Lower displacement degradation parameter???? tends to increase the depicted 
strength degradation as expected. 
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(a)                                                                                       (b) 
Figure 4-77 The proposed biaxial response under various levels of  strength degradation parameter for displacement 
in the joint (a)EW and (b) NS directions 
4.10.7 Pinching ? 
Pinching, which occurs because of crack closure due to bond slip of the bar anchorage, is considered 
by defining target points that control the amount of pinching in the hysteretic loop. The definition of 
the pinching is illustrated in Sections 4.5 and 4.6. The influence of pinching is investigated under 
various levels starting from the baseline of 0.3 for the joint EW and NS direction, which is selected to 
best fit the experimental biaxial response of Hertanto 3D specimen DD1. The biaxial response is 
calibrated under relatively low and high pinching levels as shown in Figure 4-78 (a) and (b) for the 
joint EW and NS directions respectively. Higher pinching parameter ? introduces less amount of 
pinching in the hysteretic response. The pinching parameter ? should be chosen between 0 and 1 
where 0 corresponds to maximum pinching and 1 to no pinching. 
 
(a)                                                                                       (b) 
Figure 4-78 The proposed biaxial response under various levels of pinching for the joint (a) EW and (b) NS directions           
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4.10.8 Stiffness degradation ?? 
The polygonal hysteretic model assumes that all the unloading branches aim a fixed point ????, 
where ? is the stiffness degradation parameter. The definition of the stiffness degradation is illustrated 
in Section 4.5 and 4.6. The influence of stiffness degradation is investigated under various levels 
starting from the baseline of 15 for the joint EW and NS direction, which is selected to best fit the 
experimental biaxial response of Hertanto 3D specimen DD1. The biaxial response is calibrated under 
relatively low and high stiffness degradation levels as shown in Figure 4-79 (a) and (b) for the joint 
EW and NS directions respectively. Higher stiffness degradation parameter increases the degradation 
of the unloading branches in the hysteretic response. 
 
(a)                                                                                       (b) 
Figure 4-79 The proposed biaxial response under various levels of stiffness degradation for the joint (a)EW and (b) 
NS directions 
4.11  Suggested input parameters required for the proposed model 
The envelope curve of unconfined and poorly reinforced corner connections can be calculated using 
the proposed envelope curve described in Chapter 3. The envelope curve is constructed using the  
joint shear strength calculated based on the Vollum and Newman (Vollum and Newman, 1999) model 
and the rotations are based on Park and Mosalam (Park and Mosalam, 2013b) empirical results. A 
detailed description of the simplified envelope curve is given in Chapter 3. The validation of the 
envelope curve is presented in the next section where the envelope curve is defined through moment-
rotation relation rather than shear forces-displacement relation.  
Other required parameters, which control pinching, strength degradation, stiffness degradation, 
dissipated energy and the biaxial response are calibrated based on the available experimental results. 
Table 4-14 shows a suggested range for the input parameters required for the proposed model. The 
parameters were selected to best fit the experimental responses of the tests available in the literature. 
The influence of each parameter is investigated in the previous section where the parametric 
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sensitivity studies were varied within the proposed range depicted in Table 4-14. The study can help 
in selecting the required input parameters. However, the hysteresis models are usually calibrated 
based on the experimental response as explained in Chapter 2 and hence they vary with the variation 
of the test results. Generally, low uniaxial and biaxial strength degradation parameters (? and ?) help 
maintain numerical stability in the nonlinear analysis of 3D structures. The recommended interaction 
parameter ?, which is calibrated based on the available experimental data, is 0.6 to 0.65. Furthermore, 
a narrower parametric range is proposed in Table 5-6 in Chapter 5 and Table 4-16 in Section 4.12.2 
for simulating unconfined and poorly reinforced corner connections. 
Table 4-14 Suggested range of the input parameters required for the proposed model 
Stiffness 
degradation 
parameter (α) 
Pinching 
parameter 
(β)  
? Strength 
degradation 
parameter 
ε   Strength 
degradation 
parameter for 
energy 
δ   Strength 
degradation for 
displacement 
(rotation) 
 
3-15 0.01-0.50 0.1-0.85 5-15 0.9-1.5    
ρ interaction parameter 
which limit interaction 
surface 
biaxial 
degradation 
parameters µ 
0.4-0.75 0.1-0.85 
 
4.12 The validation of the proposed envelope curve 
The constitutive model of the rotational spring element representing the joint is defined in terms of the 
moment rotation backbone curves presented in Figure 3-12 in Chapter 3. The proposed envelope 
curve is used in conjunction with the polygonal hysteretic uniaxial or biaxial joint model described in 
Section 4.5 and 4.6. The proposed envelope curve utilises the joint shear strength proposed by Vollum 
and Newman (Vollum and Newman, 1999) and is applicable to unconfined and poorly reinforced 
exterior connections under cyclic loading. The validation of the proposed envelope curve is presented 
in this section for eight exterior connections tested under uniaxial and biaxial loading. The proposed 
biaxial model is validated in Section 4.8 using the measured experimental backbone curve of the 
uniaxially loaded specimens. This section illustrates the validation of the proposed biaxial model 
using the calculated envelope curve described in Chapter 3. Thus, the biaxial joint response presented 
in this section is calculated using the joint shear strength predicted using the Vollum and Newman 
model and is reduced using the cyclic correction factor proposed by Lima (Lima, 2010), the uniaxial 
parameters that are selected to best fit the experimental uniaxial response, the biaxial degradation 
parameter, and the interaction factor, which are all selected to best fit the experimental biaxial 
response in section 4.12.1. The uniaxial envelope curve shown in Section 4.8 is constructed based on 
the measured uniaxial strength while it is constructed based on the calculated joint shear strength in 
section 4.12.1. This is required to obtain the uniaxial parameters which best fit the uniaxial 
experimental response for the calculated joint shear strength. Section 4.12.2 validates the proposed 
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biaxial model using the envelope curve described in Chapter 3 and the suggested input parameters, 
which are calibrated, based on the experimental response of the biaxial tests available in the literature. 
 
The uniaxial and biaxial specimens conducted by Hertanto, Chen, Akguzel and Hassan (Hertanto, 
2005, Chen, 2006, Akguzel, 2011, Hassan, 2011) are selected. All the selected specimens failed due 
to joint shear. The dimensions, material properties, loading histories and any further details of the 
selected specimens are described in Chapter 2 and in Section 4.8. 
4.12.1 The validation using input parameters that best fit the experimental response  
4.12.1.1 Hertanto specimens 
The uniaxially and biaxially loaded specimens tested by Hertanto resembled poorly reinforced corner 
connections constructed with only 1 stirrup located within the joint. Thus, the joint shear strength is 
predicted using the Vollum and Newman equation for joints with transverse reinforcement and by 
considering the cyclic correction factor proposed by Lima (Lima, 2010). The implemented envelope 
curve is demonstrated in Figure 4-80 (a). The required degradation parameters for the uniaxial and 
biaxial hysteric joint model are shown in Table 4-7 and Table 4-8. The predicted uniaxial response is 
plotted against the experimental response in Figure 4-80 (b). The predicted biaxial response is 
depicted in Figure 4-81 (a) and (b) for the corner joint EW and NS directions respectively.  
 
(a)                                                                                       (b) 
Figure 4-80 (a) The implemented envelope curve, (b) The predicted uniaxial response vs the experimental response.  
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(a)                                                                                       (b) 
Figure 4-81 The predicted biaxial (a) EW and (b) NS response vs the experimental response. 
The proposed backbone curve, which is implemented in conjunction with the uniaxial or the biaxial 
hysteretic model, can satisfactorily predict the experimental response of poorly designed exterior 
connections under cyclic uniaxial and biaxial loading. 
4.12.1.2 Chen specimens 
The uniaxially and biaxially loaded specimens tested by Chen are poorly reinforced which are 
constructed with only 1 stirrup located within the joint. The joint shear strength is predicted using the 
Vollum and Newman equation for joints with transverse reinforcement and is reduced using the cyclic 
correction factor proposed by Lima (Lima, 2010). Figure 4-82 (a) shows the implemented envelope 
curve and Table 4-9 illustrates the required degradation parameters for the uniaxial and biaxial 
hysteric joint model. The predicted and the experimental uniaxial responses are shown in Figure 4-82 
(b). The predicted and the experimental biaxial responses are depicted in Figure 4-83 (a) and (b) for 
the corner joint EW and NS directions respectively. The predicted cloverleaf biaxial response is 
plotted against the experimental response in Figure 4-84. 
 
(a)                                                                                       (b) 
Figure 4-82 (a) The implemented envelope curve, (b) The predicted uniaxial response vs the experimental response. 
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(a)                                                                                       (b) 
Figure 4-83 The predicted biaxial (a) EW and (b) NS response vs the experimental response. 
 
Figure 4-84 The biaxial predicted response vs the experimental response 
The proposed backbone curve, which is implemented in conjunction with the uniaxial or the biaxial 
hysteretic model, can satisfactorily predict the experimental response of poorly designed exterior 
connections under cyclic uniaxial and biaxial loading. 
4.12.1.3 Akguzel specimens 
The uniaxially and biaxially loaded specimens tested by Akguzel resembled unconfined corner 
connections. Thus, the joint shear strength is predicted using the Vollum and Newman equation for 
unconfined connections and is reduced based on Lima’s cyclic correction factor. The implemented 
envelope curve is given in Figure 4-85 (a). The required parameters for the uniaxial and biaxial 
hysteric joint model are given in Table 4-15. The degradation parameters required to simulate the 
uniaxial and biaxial response using the calculated and the measured envelope curve are not the same. 
The degradation parameters for the measured envelope curve are shown in Table 4-10. The predicted 
uniaxial response shown in Figure 4-85 (b) is compared well with the experimental response. The 
predicted biaxial response is presented against the experimental response in Figure 4-86 (a) and (b) 
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for the corner joint EW and NS directions respectively. The predicted and the experimental cloverleaf 
biaxial responses are depicted in Figure 4-87. 
Table 4-15 EW and NS joint input parameters 
1
st
 diagonal 
shear 
strength  
(N.mm) 
Ultimate 
shear 
strength 
(N.mm) 
Elastic 
stiffness 
(N.mm/rad) 
Plastic 
stiffness 
(N.mm/rad) 
Softening 
stiffness 
(N.mm/rad) 
Stiffness 
degradation 
parameter (α) 
Pinching 
parameter 
(β)  
3.43E+07 3.81E+07 6.86E+09 3.98E+08 0   15  0.45 
Strength 
degradation 
parameter 
ε   Strength 
degradation 
parameter 
for energy 
δ   Strength 
degradation 
for 
displacement 
 
Ultimate 
positive 
rotation 
(rad) 
Ultimate 
positive 
rotation for 
strength 
degradation 
(???? (rad) 
ρ interaction 
parameter 
which limit 
interaction 
surface 
biaxial 
degradation 
parameters 
µ 
0.75 15 1.25 0.055 0.06 0.65 0.80 
 
 
(a)                                                                                       (b) 
Figure 4-85 (a) The implemented envelope curve, (b) The predicted uniaxial response vs the experimental response. 
 
  
(a)                                                                                       (b) 
Figure 4-86 The predicted biaxial (a) EW and (b) NS response vs the experimental response. 
-50
-40
-30
-20
-10
0
10
20
30
40
50
-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08
Proposed envelope curve 
Rotation (rad)
M
o
m
e
n
t 
(k
N
.m
)
M
o
m
e
n
t 
(k
N
.m
)
M
o
m
e
n
t 
(k
N
.m
)
M
o
m
e
n
t 
(k
N
.m
)
M
o
m
e
n
t 
(k
N
.m
)
M
o
m
e
n
t 
(k
N
.m
)
uniaxial model
Experimental
response
Biaxial
proposed
model
EW joint
Experimental 
response
Biaxial
proposed
model
NS joint
Experimental 
response
CHAPTER 4                                                            Proposed Bidirectional Hysteretic Joint Model 
158 
 
 
Figure 4-87 The biaxial predicted response vs the experimental response. 
The proposed backbone curve, which is implemented in conjunction with the uniaxial or the biaxial 
hysteretic model, can satisfactorily predict the experimental response of unconfined exterior 
connections under cyclic uniaxial and biaxial loading. 
4.12.1.4 Hassan specimens- Option 1 
The uniaxially and biaxially loaded specimens, tested by Hassan, represent unconfined corner 
connections. In Option 1, the joint shear strength is predicted using the Vollum and Newman equation 
for unconfined connections and is reduced using Lima’s cyclic correction factor (0.822). The 
implemented envelope curve is shown in Figure 4-88 (a). The required parameters for the uniaxial and 
biaxial hysteric joint model are shown in Table 4-12. Slab effect is considered in Hassan’s 
experimental test. Figure 4-88 (b) shows the predicted and the experimental uniaxial response. The 
predicted and the experimental biaxial response is depicted in Figure 4-89 (a) and (b) in the x and y 
directions respectively.  
 
(a)                                                                                       (b) 
Figure 4-88 (a) The implemented envelope curve, (b) The predicted uniaxial response vs the experimental response 
with correction factor. 
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(a)                                                                                      (b) 
Figure 4-89 The predicted biaxial (a) EW and (b)NS response vs the experimental response with correction factor. 
The predicted joint shear strength is relatively lower than the experimental shear strength under cyclic 
uniaxial and biaxial loading. This introduces Option 2 where the joint shear strength is calculated 
without Lima’s cyclic (Lima, 2010) correction factor.  
4.12.1.5 Hassan specimens- Option 2 
In option 2, the joint shear strength is predicted using the Vollum and Newman equation for 
unconfined connections ignoring Lima’s cyclic correction factor (0.822). Figure 4-90 (a) shows the 
implemented envelope curve and Table 4-12 illustrates the required parameters for the uniaxial and 
biaxial hysteric joint model. The predicted uniaxial and biaxial response are plotted in Figure 4-90(b) 
and Figure 4-91 (a) and (b) respectively. 
 
(a)                                                                                       (b) 
Figure 4-90 (a) The implemented envelope curve, (b) The predicted uniaxial response vs the experimental response 
without correction factor. 
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(a)                                                                                       (b) 
Figure 4-91 The predicted biaxial (a) EW and (b) NS response vs the experimental response without correction 
factor. 
The predicted shear strength without the correction factor suggested by Lima satisfactorily compared 
with the experimental response of the uniaxially and biaxially loaded specimens 
In spite of the fact that Vollum and Newman model does not account for column axial load variation, 
it satisfactorily predicts the joint shear strength of unconfined and poorly designed exterior 
connections under cyclic loading. 
             Although the predicted joint shear strength with the Lima’s cyclic correction factor (0.822) is 
relatively lower than the experimental shear strength of Hassan’s specimens, the predicted joint shear 
satisfactorily compares with the experimental joint shear strength of Hertanto, Chen and Akguzel 
specimens that were conducted neglecting the slab effect. Thus, it has been decided to consider the 
correction cyclic factor to predicting the joint shear strength in the 3D framed building investigated in 
Chapter 6. The assumption has been made since only the concrete cover of the ribbed slab is 
accounted for when simulating the slab response using (Yettram and Husain, 1966) model in the 
nonlinear analysis of the 3D framed structures in the next chapters. The structures represent old RC 
buildings built in previous decades in the Mediterranean region.  
4.12.2 The validation using suggested input parameters 
This section validates the proposed biaxial hysteretic model using suggested input parameters, which 
were calibrated based on the experimental response of the biaxial loaded specimens available in the 
literature. The four specimens described in the previous sections were selected and the response are 
predicted using the proposed envelope curve as described in the previous section and the suggested 
input parameters illustrated in  Table 4-16. These input parameters are used to simulate connections’ 
response in the parametric study of the 3D framed structures as described in Section 5.10.3. The 
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degradation parameter ? and the biaxial degradation parameter µ selected in Section 5.10.3 are lower 
than that proposed in this section in order to maintain numerical stability in the nonlinear analysis of 
3D framed structures.  
Table 4-16 Suggested input parameters required for the proposed model 
Stiffness 
degradation 
parameter (α) 
Pinching 
parameter 
(β)  
? Strength 
degradation 
parameter 
ε   Strength 
degradation 
parameter for 
energy 
δ   Strength 
degradation for 
displacement 
(rotation) 
 
5 0.3 0.7 15 1.5    
ρ interaction parameter 
which limit interaction 
surface 
Biaxial 
degradation 
parameters µ 
0.65     0.5 
Figure 4-92 to Figure 4-98 show the predicted and the experimental biaxial response of Hertanto, 
Chen, Akguzel and Hassan (Hertanto, 2005, Chen, 2006, Akguzel, 2011, Hassan, 2011) specimens. 
The proposed biaxial model with the suggested input parameters can satisfactorily predict the biaxial 
response of the four specimens.  
4.12.2.1 Hertanto 
 
(a)                                                                                       (b) 
Figure 4-92 The predicted biaxial (a) EW and (b) NS response vs the experimental response. 
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4.12.2.2 Chen 
 
(a)                                                                                       (b) 
Figure 4-93 The predicted biaxial (a) EW and (b) NS response vs the experimental response. 
 
Figure 4-94 The biaxial predicted response vs the experimental response 
4.12.2.3 Akguzel 
  
(a)                                                                                       (b) 
Figure 4-95 The predicted biaxial (a) EW and (b) NS response vs the experimental response. 
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Figure 4-96 The biaxial predicted response vs the experimental response. 
4.12.2.4 Hassan 
 
(a)                                                                                      (b) 
Figure 4-97 The predicted biaxial (a) EW and (b)NS response vs the experimental response with correction factor. 
 
(a)                                                                                       (b) 
Figure 4-98 The predicted biaxial (a) EW and (b) NS response vs the experimental response without correction 
factor. 
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4.13  Proposed Collapse Drift ratio  
Eurocode-8:part1 (BSI, 2004) provides some guidance on damage limitation associated with 
serviceability requirements but not for the ultimate limit state that associated with collapse or with 
other forms of structural failure. Priestley (Priestley, 1997) proposed a maximum storey drift collapse 
limit of 4% for exterior connections and 5% drift for interior connections. Priestley (Priestley, 1997) 
and many researchers express the joint rotation as the assemblage drift. Pampanin (Pampanin et al., 
2003) proposed an excessive damage rotational limit of [0.01-0.015 radians] and a collapse rotation 
limit > 0.016 radians for seismically substandard exterior and corner connections under uniaxial 
seismic loading. A collapse limit of (>2%) storey drift, is proposed by Pampanin for unconfined 
uniaxial exterior connection assemblies. 
The drift ratios of many experimental tests available in the literature were collected in this research 
and summarised in Table 4-17 and a collapse rotation limit (storey drift collapse limit) is proposed. A 
collapse rotation limit of 0.028 (equivalent to 2.8% collapse drift limit) is proposed based on the 
experimental tests of substandard exterior and corner connections tested under uniaxial or biaxial 
loading and the majority failed due to joint shear. The maximum drift ratio of the uniaxially loaded 
specimens tested by Karayannis, Hertanto, Chen and Akguzel (Karayannis and Sirkelis, 2008, 
Hertanto, 2005, Chen, 2006, Akguzel, 2011) is 4%. However, the maximum drift ratio of the 
uniaxially loaded specimens tested by Pampanin, Clyde and Beres (Pampanin et al., 2002, Clyde et 
al., 2000, Beres, 1992) is approximately 2%. The maximum drift ratio of Engindeniz (Engindeniz, 
2008) specimens is less than 2%. Therefore, the proposed collapse drift limit of 2.8% is quite 
subjective. Beam-column sub-assemblages tested under biaxial loading exhibited a lower ultimate 
rotational deformation than comparable uniaxially loaded. However, the recommended collapse 
rotation limit is a reasonable approximation for the rotational collapse capacity of substandard exterior 
and corner connections tested either under uniaxial or biaxial loading. The experimental variables 
including column axial load, concrete strength, joint aspect ratio, bond resistance, beam longitudinal 
reinforcement ratio, the characteristics of transverse beams and slab effects can change the measured 
experimental collapse drifts of substandard exterior and corner connections. Therefore, future 
investigation is encouraged to accurately predict the maximum collapse drift limit of substandard 
exterior and corner connections considering the mechanical properties of exterior connections. 
The proposed collapse limit is constructed based on the assemblages represent exterior and corner 
connections and mainly failed due to joint shear because joints with beams framing in from opposite 
sides of the column were considered to be rigid in that plane in the parametric study described in 
chapter 6 and the buildings were designed to make joint shear critical. 
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Table 4-17 Experimental drift ratio of unconfined and poorly reinforced exterior and corner connections 
Researcher Specimen 
name 
Type of 
failure 
Type of 
loading 
Loading 
angle 
Maximum 
drift ratio (%) 
Karayannis 
(Karayannis and 
Sirkelis, 2008) 
A2 Joint shear Uniaxial - 4 
Pampanin (Pampanin 
et al., 2002) 
T1 Joint shear Uniaxial - 2.2 
T2 Joint shear Uniaxial - 2.0 
Clyde (Clyde et al., 
2000) 
Test 4 BJ failure Uniaxial - 2.2 
Beres (Beres, 1992) E01 Joint shear Uniaxial - 2.5 
E10 Joint shear Uniaxial - 2.1 
E13 Joint shear Uniaxial - 3.0 
E14 Joint shear Uniaxial - 1.9 
Engindeniz 
(Engindeniz, 2008) 
Specimen 1 Joint shear Uniaxial + 
biaxial 
Fixed to 45 
degrees 
1.9 
Specimen 2 Joint shear Uniaxial + 
biaxial 
Fixed to 45 
degrees 
1.4 
Hertanto (Hertanto, 
2005) 
TDP2 Joint shear Uniaxial - 4 
DD1 Joint shear Biaxial Varying 3.2 
Chen (Chen, 2006) TDP2 Joint shear Uniaxial - 4 
DD2 Joint shear Biaxial Varying 3.2 
Akguzel (Akguzel, 
2011) 
2D1 Joint shear Uniaxial - 4 
3D1 Joint shear Biaxial Varying 3.2 
Hassan (Hassan, 
2011) 
B-J-1 Joint shear Uniaxial - 3.5 
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4.14 Conclusions 
The hysteresis models available in the literature predict the response of joints under uniaxial loading. 
However, connections are subjected to biaxial loading in 3D RC structures. Unlike interior and edge 
connections, corner connections are not confined by framing beams. Thus, corner connections are 
more critical than others when subjected to biaxial loading. Biaxial loading reduces the shear strength 
of corner connections and can cause significant damage in RC buildings subjected to earthquakes 
loadings. Thus, a simplified model is required to address the deficiencies in predicting the hysteretic 
response of corner joints under biaxial cyclic loading. This research developed a novel polygonal 
model that addresses the biaxial loading effect on corner joints. The proposed model is constructed 
using a set of simplified rules, which are able to predict the hysteresis biaxial response of corner 
connections. The proposed model is an extension to the uniaxial polygonal models suggested by 
(Dowell et al., 1998) and (Park et al., 1987). The proposed model accounts for asymmetric RC 
sections. In addition, the biaxial strength is reduced based on a predefined simple elliptical interaction 
curve, which is consistent with the experimental tests available in the literature. Moreover, the 
proposed model addresses the variation in the angle of loading during seismic events, which can cause 
excessive degradation in the joint shear strength. Strength degradation is also considered where a 
coupled degradation parameter is proposed to address coupling effect. It is assumed that strength 
degradation in one direction is influenced by the degradation that happens in the other direction. Thus, 
a fraction of uncoupled damage index in one direction is accounted for in the other direction using a 
coupled strength degradation parameter. The uncoupled damage index, suggested by Bella (Bella,  
2009) and Park (Park et al., 1987), is adopted in this research. The uncoupled damage index is a 
simple linear combination of the ultimate displacement (i.e. joint rotation) and the dissipated 
hysteretic energy. 
The proposed model is validated using the available experimental data for corner beam-column sub-
assemblages tested under uniaxial and biaxial loading. The proposed biaxial model is shown to 
satisfactorily replicate the observed response of all the available experimental tests. Furthermore, the 
proposed model is simulated under different biaxial loading scenarios in order to ensure its robustness 
under different types of biaxial loading. 
Moreover, the proposed envelope curve which is constructed based on the Vollum and Newman 
(Vollum and Newman, 1999) model is validated and is shown to be able to predict the experimental 
joint shear strength. The calculated joint shear strength is reduced using a correction factor proposed 
by Lima (Lima, 2010) to account for cyclic effect. 
The proposed model is investigated under different loading patterns including wide and narrow 
cloverleaf loading, square loading and under constant 45 degrees loading angle. The parametric study 
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gives insight into the predicted biaxial response under different loading patterns. However, there is 
not sufficient tests in the literature that discuss the loading pattern effect on  joint’s biaxial response, 
Thus, the study sheds some light for future experimental work. This study is described in Appendix A. 
 In addition, the proposed model is incorporated into the finite element code ADAPTIC (Izzuddin, 
1991) to enable assessment of the influence of biaxial joint loading on RC framed structures. Three-
dimensional models were implemented to simulate the response of 3D RC structures. The next 
chapters will assess and compare the seismic response of RC framed structures with rigid, uniaxial, 
and biaxial connections.     
A collapse rotation limit of 0.028 is suggested based on the experimental results of substandard 
exterior and corner connections tested under uniaxial or biaxial loading and failed due to joint shear.
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Chapter 5.  
Design of Studied RC Framed Buildings  
and Methodology of Analysis 
5.1.  Introduction 
Many existing reinforced concrete (RC) buildings were designed during the 1960s and 1970’s. The 
majority of these buildings are vulnerable to earthquake loads due to poorly detailed connections and 
deficiencies in the shear reinforcement provided in beams and columns. Shear failure of beam-column 
connections may contribute to the collapse of whole buildings as shown in Figure 5-1 to Figure 5-4.        
The current study focuses on corner connections because they are more seismically vulnerable than 
interior connections which are partially confined by beams framing in from all four sides. Moreover, 
corner connections in 3D framed structures are subjected to biaxial loading during seismic events 
which can cause significant damage. Most research into beam-column joints has focussed on the 
response of joints in 2D-framed structures. An accurate evaluation of 3D framed structures using 3D 
models with corner connections subjected to biaxial loading is still lacking. Chapter 4 of this thesis 
presents a novel model for predicting the response of corner connections subjected to biaxial loading. 
The proposed model is incorporated into the finite element code ADAPTIC (Izzuddin, 1991) to enable 
an assessment of the influence of biaxial joint loading on RC framed structures. The model is used to 
investigate the seismic response of 3D framed RC structures. The studies evaluate and compare the 
response of RC framed structures with rigid, uniaxial, and biaxially coupled corner connections. 
This chapter describes the design and detailing of the RC framed structures considered in the 
parametric studies as well as the NLFEA methodology used in their assessment under seismic 
loading. The selected building frames were designed under gravity and wind loads only. The resulting 
buildings, for which the choice of design code is arbitrary, are intended to be representative of the 
many existing structures subject to, but not designed for seismic loading. Furthermore, the selected 
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 structures were designed to obtain joint shear failure, which is the most critical, and common type of 
failure in seismically vulnerable buildings as illustrated in Figure 5-1 to Figure 5-4. Inspection of 
building failures following major seismic events show that corner joints are particularly vulnerable. 
Biaxial loading reduces the joint shear strength of corner beam column joints but has less effect on the 
resistance of the framing beams which are predominantly uniaxially loaded. Therefore, the effect of 
biaxial loading is most adverse in structures where joint shear failure is critical. Corner connections 
are the weakest links in such structures. The proposed biaxial model is applicable to corner 
connections failing in shear prior to yielding of the beam flexural reinforcement at the column face.  
The buildings are framed structures without shear walls of three and six storeys. The building 
arrangements were chosen to enable comparisons to be made between the responses of three, and six, 
storey buildings with regular and irregular framing arrangements. Consequently, two of the designed 
buildings are classified as regular and the other two as irregular according to the Eurocode-8:part1 
(BSI, 2004b) regularity requirements. These are presented in the next sections before discussing the 
design and detailing of the analysed buildings. 
 
Figure 5-1 Joint shear failure and partial building collapse in Erzincan, Turkey in 1992 (Zahertar, 1992) 
 
Figure 5-2 Corner joint shear failure in Chi-Chi, Taiwan earthquake in 1999 (University of California, 2010). 
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Figure 5-3 Building collapse due to joint shear failure , Izmit, Turkey in 1999 (Said and Nehdi, 2004, Engindeniz, 
2008). 
 
 
Figure 5-4 Partial collapse in high rise building in Chi-Chi, Taiwan earthquake in 1999 (Uang et al., 1999). 
5.2.  Eurocode-8:part1 Regularity Requirements 
5.2.1. Criteria for Regularity in plan 
A building can be defined as regular in-plan if it has (BSI, 2004b): 
• Rigid diaphragms, nearly rectangular in plan (re-entrant corners reducing floor area by not 
more than 5 % each), with aspect ratio less than 4. 
• Eccentricity between the storey centres of mass and stiffness less than 30% of the 
corresponding torsional radius (square root of ratio of torsional to lateral stiffness, with 
stiffness parameters estimated in most cases from the moments of inertia of vertical elements) 
• Torsional radius less than the radius of gyration of the floor plan. 
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5.2.2. Criteria for Regularity in elevation 
Eurocode-8:part1 (BSI, 2004b) introduces qualitative criteria for regularity in elevation which are 
easy to check at the preliminary design phase prior to any analysis: 
• Lateral force-resisting systems continuous to the top of the relevant part of the building. 
• Storey mass and stiffness that is constant or reduces gradually and smoothly to the top. 
• Individual setbacks less than 10% of the underlying storey, but less than 30% of the ground 
floor dimension in total, if they are asymmetric on the two sides of the building as shown in 
Figure 5-5 (d). 
• For a single setback within the lower 15 % of the total height of the main structural 
system, the setback shall be not greater than 50 % of the previous plan dimension (see 
Figure 5-5 (c)). 
• for gradual setbacks preserving axial symmetry, the setback at any floor shall be not 
greater than 20 % of the previous plan dimension in the direction of the setback (see 
Figure 5-5 (a and b)).  
• For frame buildings, the ratio of the actual storey resistance to the resistance required by the 
analysis should not vary disproportionally between adjacent storeys (i.e. smooth variation of 
over strength of the individual storeys relative to the prescribed strength). 
 
Figure 5-5 Criteria for regularity of buildings with setbacks(BSI, 2004b) 
CHAPTER 5                      Design of Studied RC Framed Buildings and Methodology of Analysis 
172 
 
5.3.  Joint shear failure RC design requirements 
The structures were designed to obtain joint shear failure in the edge and corner joints. The Vollum 
and Newman model (Vollum and Newman, 1999) is adopted to predict the maximum joint shear 
strength of the edge and corner joints. The joint strength is reduced by a factor of 0.822, as suggested 
by Lima (Lima, 2010), to account for the cyclic loading effect, because the Vollum and Newman 
model was originally developed for monotonic loading. The joint shear strength in a building 
designed for joint shear failure should be less than the joint shear force corresponding to flexural 
failure of the incoming beams or columns. The joint shear force at first yielding of the beam 
reinforcement is calculated as follows (Park and Mosalam, 2009).  
From Figure 5-6, global equilibrium is presented as follows: ?? = ???????? = ?? ????? ?                                                                                                                        (5.1) ??= ?? ?????? ???                                                                                                                                      (5.2) ???= ?? ?? ? ?? = ?? ????[1-  ?? ??????  ???]                                                                                               (5.3) 
Thus, the joint shear force at first yield of the beam reinforcement is calculated as follows: 
???= ?? ?? ? ?? = ?? ????[1-  ?? ??????  ???]                                                                                               (5.4) 
Where: ?? is the beam moment ?? is the beam shear force ?? is the column shear force ????is the joint horizontal shear force. ? is the length from the beam inflection point to the column face  ?? is the column depth ??is the column height between upper and lower column inflection points. ? is the lever arm ?? is the beam reinforcement area. ?? is the beam bars yield stress. ?? is the beam bars stress at ultimate joint shear capacity. 
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Figure 5-6 Global free body diagram of exterior beam-column joint (Park and Mosalam, 2009) 
The buildings are designed such that joint failure does not occur under design ultimate gravity loading 
but can occur under seismic loading. Joint shear failure occurs without the development of hinges at 
the ends of the beams or columns if the ultimate joint shear strength is less than the joint shear force 
corresponding to flexural failure of the incoming beams and columns.  
Joint shear strength calculated using the Vollum and Newman model depends mainly on concrete 
compressive strength and joint aspect ratio. Figure 5-7 (a) illustrates the reinforcement ratios (?? ??? ? 
that are required to allow joint shear failure under different values of design concrete compressive 
strength corresponding to a joint aspect ratio of 0.8. The selected concrete compressive strength is 
relatively low as this range is typical of older buildings. Figure 5-7 (b) shows the reinforcement ratios 
(?? ??? ? required to obtain joint shear failure for various joint aspect ratios with the concrete 
compressive strength of 21 MPa adopted in the design of the regular and irregular buildings 
considered in the next section. The aspect ratios of the beam-column joints of the designed buildings 
are within the range shown in Figure 5-7 (b).  
Figure 5-7 shows that joint shear failure is calculated to occur for beam reinforcement ratios greater 
than 1% for a concrete compressive strength of 21 MPa and joint aspect ratio of 0.8. Surplus flexural 
reinforcement is added to beams with calculated reinforcement ratios less than the limiting value 
required for joint shear failure.  
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(a)                                                                                       (b) 
Figure 5-7 Vollum and Newman joint shear failure limits corresponding to (a) various values of concrete compressive 
with joint aspect ratio =0.8, (b) various joint aspect ratios with concrete compressive strength = 21 MPa. 
5.4.  Design loads and material properties 
The buildings were designed to be seismically vulnerable and are intended to be representative of the 
many existing structures subject to, but not designed for seismic loading. The regular buildings 
conform to the EC-8 regularity requirements. The buildings were designed under gravity and EW and 
NS wind loads only considering all the load combinations required by Eurocode-2-1992 (BS-ENV, 
1992). Many of the existing seismically vulnerable reinforced concrete framed buildings in Italy and 
in the Mediterranean were constructed using one-way ribbed slabs. The buildings in the current study 
are designed and detailed to be representative of such buildings. Consequently, the frames are 
designed as the lateral load resisting system and the floor is constructed using one way ribbed slabs. 
Figure 5-8 shows the cross section of the slab and its covering material. The slab consists of 40 mm 
concrete cover and 240 mm block depth. All storeys have the same floor elevation of 3.5m.  
  
(a)                                                                        (b) 
Figure 5-8 Typical section showing the (a) covering material and (b) 28 cm ribbed slab. 
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The load combinations suggested by the Eurocode-2 -1992: 
 
1.35 DL 
1.35 DL + 1.5 LL 
1.35 DL + 1.35 LL + 1.35 windx 
1.35 DL + 1.35 LL - 1.35 windx 
1.35 DL + 1.35 LL + 1.35 windy 
1.35 DL + 1.35 LL - 1.35 windy 
1.0 DL + 1.5 windx 
1.0 DL - 1.5 windx 
1.0 DL + 1.5 windy 
1.0 DL - 1.5 windy 
 
Loads were applied to the building as follows: 
Dead load = 7 kN/m
2 
Live load = 3 kN/m
2 
Wind velocity = 35 m/seconds, terrain category 2 based on Eurocode-1(BSI, 2002).  
The selected total dead load consists of the following: 
Covering material weight calculation: 
Weight of plaster = 0.015⋅2100 = 31.5 ????? 
Weight of fine aggregate = 0.07⋅1800 = 126 ????? 
Weight of mortar = 0.025⋅2100 = 52.5 ????? 
Weight of tiles = 0.025⋅2100 = 52.5?????? 
Total weight of covering material = 262.5 ????? 
Ribbed slab weight calculation: 
Total Volume = 0.52⋅0.20⋅0.28 =  0.02912 ?? ???? ? 
Volume of one hollow block = 0.40⋅0.20⋅0.24 =  0.0192 ?? 
Net concrete volume=  0.02912 -  0.0192 = 0.01 ?? ????  
Weight of concrete =  0.01⋅2400 =  24 ?? 
Weight of concrete per ?? = 24 ?? / (0.52⋅0.2) =  231 ????? 
Weight of hollow block per ?? =  20 ?? / (0.52⋅0.2) = 193 2308 ????? 
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Total weight per ?? =  263 + 231 + 194 =  687  ????? 
Total dead load = 687⋅9.81 =  6740 ???? = 6.7 ? 7 ????? 
The weight of the external concrete infill wall carried by the perimeter beams is taken as 300 ????? 
(300. (floor height=3.5? ) = 10.3 ????).  
The concrete and reinforcement material properties are shown in Table 5-1. The material properties 
were selected to be similar to those used in the experimental tests, described in Chapter 2, intended to 
simulate older building. The reinforcement strength is however rather high compared with that used in 
typical older buildings. Joint shear failure occurs if the joint shear strength is less than the joint shear 
force corresponding to flexural failure of the incoming beams and columns. This is most likely to 
happen for relatively low concrete compressive strengths and high reinforcement strengths. 
 
Table 5-1 Concrete and steel material properties 
Material Properties 
Design concrete compressive strength ???  21 Mpa 
Steel Modulus of elasticity 210000 Mpa 
Design Reinforcement yield strength 500 MPa 
Strain-hardening factor 0.01 
5.5.  Design assumptions  
The whole building, including beams, columns and one way ribbed slabs, is analysed using linear 
frame analysis. The slabs were modelled using T-beams with 4 cm flange width and 28 cm web 
height, spaced at 520 mm, to simulate the behaviour of the ribbed slab shown in Figure 5-8 (b). The 
columns were fixed at the base. The cross sections of the beams and columns were selected on the 
basis of the calculated flexural moments, axial forces, shear forces calculated based on the Eurocode-
2-1992 (BS-ENV, 1992) loading combinations and loading patterns. Beams are designed for major 
direction flexure and shear. Effects due to any axial forces, minor direction bending, and torsion are 
neglected in beams. The beam sections are designed for the maximum hogging and sagging moment 
envelopes obtained from all of the load combinations. The columns were designed according to 
Eurocode-2-1992 (BS-ENV, 1992) for the factored axial force and bending moments obtained from 
each loading combination. Eurocode 2 (BS-ENV, 1992) requires the reinforcement ratio to be greater 
than 0.13% and less than 4% for beams and to be greater than 0.2% and less than 4% for columns 
outside lap locations. The upper limits of the reinforcement ratio used in the current design are 2.54% 
for beam tensile reinforcement and 3.29% for columns while the minimum reinforcement ratio was 
specified in corresponding to Figure 5-7 to allow joint shear failure under seismic loads. Joint aspect 
ratio varies in the current design between 0.57 and 1 as shown in Figure 5-7 (b). The member sizes are 
governed by strength and hence deflection is not critical.  
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5.6.  The regular 3-storeys buildings 
A 3-storey building was designed to represent older type buildings, which are vulnerable to 
earthquakes. The floor plan is illustrated in Figure 5-9. The building conforms to Eurocode-8:part1 
(BSI, 2004b) regularity requirements and is designed under gravity and wind loads, which are 
intended to be representative of the many existing structures subject to, but not designed for seismic 
loading. The dimensions of beams and columns are shown Table 5-2. 
Beams and columns design and detailing are shown in Figure 5-10 and Figure 5-11. The required 
reinforcement ratios for all the beams and columns, under gravity and wind loads, are greater than 1% 
for joint aspect ratio of 0.8 and greater than 0.74% for joint aspect ratio of 1 (as needed to allow for 
joint shear failure as shown in Figure 5-7) except Beam 3 (with joint aspect ratio of 0.8) where the 
required hogging and sagging reinforcement ratios under gravity and wind loads are less than 1%. 
Thus, the hogging and sagging reinforcement ratio is increased to 1% at the beam ends, shown as  ????? reinforcement area in Figure 5-10, in order to ensure that the reinforcement area is sufficient 
for joint shear failure. 
 
Figure 5-9 The first, second and third floor plan in the regular 3 storey building (dimensions in mm). 
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Table 5-2 Beams and Columns dimensions in the regular 3-storey building. 
Member identity Member dimension (depth x width) in mm 
Beam 1 400 x 400 
Beam 2 500 x 500 
Beam 3 400 x 400 
All columns 500 x 500 
 
 
Figure 5-10 Beams reinforcement detailing in the regular 3 and 6 storey building (dimensions in mm).  
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Figure 5-11 Beams and columns cross sections detailing in the regular 3-storey building (dimensions in mm). 
S e c t io n  B -B
S e c t io n  A -A
C o lu m n s  c ro s s -s e c tio n s  1 s t, 2 n d  a n d  3 rd  flo o r
S e c t io n  C -C
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5.7.  The regular 6-storeys buildings 
A 6-storey building was designed to represent older type buildings, which are vulnerable to 
earthquakes. The floor plan of the regular 6-storey is the same as the regular 3-storey building shown 
in Figure 5-9. The building conforms to Eurocode-8:part1 (BSI, 2004b) regularity requirements and is 
designed under gravity and wind loads. The beam and column RC sections were selected to ensure 
joint shear failure in the framed structure under seismic loads and hence the minimum flexural 
reinforcement ratio is limited to the reinforcement ratios shown in Figure 5-7 at columns and beam 
ends (i.e. 1% for joint aspect ratio of 0.8, and 0.74% for joint aspect ratio of 1, etc.). The beam design 
and detailing, shown in Figure 5-10 and Figure 5-11, is the same as for the three storey regular 
building because the design bending moments and shear forces are similar. The dimensions of the 
internal columns and some edge columns located at the first three floors in the 6-storey building are 
increased to resist the increased axial forces in the six storey building. The dimensions of the 
members are illustrated in Table 5-3. The design and detailing of the columns in the regular 6-sorey 
building are shown in Figure 5-12. 
 
Table 5-3 Beams and Columns dimensions in the regular 6-storey building. 
Member identity Member dimension (depth x width) in mm 
Beam 1 400 x 400 
Beam 2 500 x 500 
Beam 3 400 x 400 
Column 1,2,3,4,17,18,19,20 
in the 1
st
, 2
nd
, 3
rd
 ,4
th
 ,5
th
 and 6
th
 floor 
 
500 x 500 
Column 5,6,7,8,9,10,11,12,13,14,15,16 
in the 1
st
, 2
nd
 and 3
rd
 floor 
 
620 x 620 
Column 5,6,7,8,9,10,11,12,13,14,15,16 
in the 4
th
 , 5
th
 and 6
th
  floor 
 
500 x 500 
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Figure 5-12 Columns design and detailing in the regular 6-storey building (dimensions in mm). 
 
 
 
 
 
 
 
c o lu m n s  5 ,8 ,9 ,1 2 , 1 3  a n d  1 6  in  th e  4 th , 5 th  a n d  6 th  f lo o r
c o lu m n s  5 ,8 ,9 ,1 2 , 1 3  a n d  1 6  in  th e  1 s t,  2 n d  a n d  3 rd  f lo o rc o rn e r  c o lu m n s  1 ,4 ,1 7  a n d  2 0  in  f lo o r  1  to  6 .
E x te rn a l c o lu m n s  2 ,3 ,1 8  a n d  1 9  in  f lo o r  1  to  6 . in te rn a l c o lu m n s  6 ,7 ,1 0 ,1 1 ,1 4  a n d  1 5  in  th e  1 s t,  2 n d  a n d  3 rd  f lo o r
in te rn a l c o lu m n s  6 ,7 ,1 0 ,1 1 ,1 4  a n d  1 5  in  th e  4 th , 5 th  a n d  6 th  f lo o r
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5.8.  The irregular 3-storeys buildings 
A 3-storey building is designed to represent older type buildings which are vulnerable under 
earthquakes. The floor plan is illustrated in Figure 5-13. The building is irregular in plan and elevation 
and hence it does not conform to Eurocode-8:part1 (BSI, 2004b) regularity requirements.  
The slenderness of the building plan exceeds the regularity limit specified by Eurocode-8:part1 (BSI, 
2004b). The length of the building is 42 m and the width of the building is 9 m and hence the building 
plan slenderness ratio is 42/9 = 4.66 > 4 (Eurocode-8:part1 (BSI, 2004b) slenderness limit). In 
addition, the setbacks at second and third floor levels produce irregularity in the building elevation. 
The setbacks, which do not preserve symmetry, exceed the limit specified by Eurocode-8:part1 (BSI, 
2004b) for regular buildings (30 % of the plan dimension). The setbacks percentage is (42-21)/42 = 
0.5 > 0.3. 
The building is designed for gravity and wind loads but not seismic loads, and is intended to be 
representative of the many existing structures subject to, but not designed for seismic loading. Beams 
and columns RC sections were selected to ensure joint shear failure in the framed structure under 
seismic loads and hence the minimum flexural reinforcement is selected in corresponding to Figure 
5-7 (i.e. 1% for joint aspect ratio of 0.8.). The required reinforcement ratios at column and beam ends, 
under gravity and wind loads, are all greater than 1% (as needed for  joint shear failure) except in 
perimeter Beams1 and Beams 4  where the required sagging reinforcement ratios under gravity and 
wind loads are less than 1%. Thus, the sagging reinforcement ratio is increased to 1% in these beams 
to ensure that the reinforcement area is sufficient for joint shear failure. The dimensions of the 
members are illustrated in Table 5-4. The detailing of the beam and column reinforcement is shown in 
Figure 5-14 and Figure 5-15. 
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Figure 5-13 The irregular 3 storey building floors plan (dimensions in mm). 
 
Table 5-4 Beams and Columns dimensions in the regular 3-storey building. 
Member identity Member dimension (depth x width) in mm 
Beam 1 400 x 400 
Beam 2 400 x 400 
Beam 3 400 x 400 
All columns 500 x 500 
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Figure 5-14  Beams reinforcement detailing in the irregular 3 and 6 storey building (dimensions in mm). 
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Figure 5-15 Beams and columns cross sections detailing in the irregular 3-storey building (dimensions in mm). 
S e c tio n  B -B
C o lu m n s  c ro s s -s e c tio n s
S e c tio n  C -C
S e c tio n  A -A
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5.9.  The irregular 6-storeys buildings 
A 6-storey irregular building was designed for gravity and wind loads. The floor plan of the 6-storey 
and 3-storey irregular building is the same and is shown in Figure 5-16. The building is irregular in its 
plan and elevation and hence it does not conform to Eurocode-8:part1 (BSI, 2004b) regularity 
requirements.  
The slenderness of the building plan exceeds the regularity limit specified by Eurocode-8:part1 (BSI, 
2004b). The length of the building is 42 m and the width of the building is 9 m and hence the building 
plan slenderness ratio is 42/9= 4.66 > 4 (Eurocode-8:part1 (BSI, 2004b) slenderness limit). In 
addition, setbacks are presented on the fourth, fifth and sixth floor at which they produced irregularity 
in the building elevation. The asymmetric setbacks exceeds the limit specified by Eurocode-8:part1 
(BSI, 2004b) for regular building (  30 % of the plan dimension). The setbacks percentage is (42-
21)/42 = 0.5 > 0.3. 
Beams and columns RC sections were selected to ensure joint shear failure in the framed structure 
under seismic loads and hence the minimum flexural reinforcement ratio is limited to 1% at the beam-
ends. The design and detailing of the beams, shown in Figure 5-14 and Figure 5-15, are the same for 
the three and the six storey irregular building because the design internal forces are similar. The 
design and detailing of the columns are not the same since the columns in the 6-storey building are 
subjected to higher axial forces at the lower floors. The dimensions of the three internal columns 9, 10 
and 11 located at the first three floors in the 6-storey building are increased to resist the axial forces. 
The dimensions of the members are illustrated in Table 5-5. The detailing of the reinforcement in the 
columns of the irregular 6-sorey building are shown in Figure 5-17. The required reinforcement ratio 
of beam 2 under gravity and wind load is greater than 2% while the required reinforcement ratio of 
beam 3 connected to the internal columns 9, 10 and 11 is less than 2% at the first three floors. The 
reinforcement ratio, which allow for joint shear failure in beam 3 is 2%. The reinforcement ratio of 
beam 3, was not increased to 2% since the response of internal joints are neglected in the nonlinear 
analysis of the 3D framed structure in the current research. The current design allows for joint shear 
failure at corner and external joints only which are modelled as flexible connections in the nonlinear 
analysis described in Chapter 6. 
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Figure 5-16 The irregular 6 storey building floors plan (dimensions in mm). 
 
Table 5-5 Beams and Columns dimensions in the regular 6-storey building. 
Member identity Member dimension (depth x width) in mm 
Beam 1 400 x 400 
Beam 2 400 x 400 
Beam 3 400 x 400 
Column 1,2,3,4,5,6,7,8,12,13,14,15,16,17,18,19,20,21 
in the 1
st
, 2
nd
, 3
rd
 ,4
th
 ,5
th
 and 6
th
 floor 
500 x 500 
Column 9,10,11 
in the 1
st
, 2
nd
 and 3
rd
 floor 
700 x 700 
Column 9,10,11 
in the 4
th
 , 5
th
 and 6
th
  floor 
500 x 500 
A B C D E F G
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Figure 5-17 Columns design and detailing in the irregular 6-storey building (dimensions in mm). 
5.10. Methodology of the nonlinear analysis 
Numerical simulations using nonlinear time history analysis were performed with ADAPTIC 
(Izzuddin, 1991) to study the seismic response of the 3D regular and irregular structures described in 
the previous sections. The parametric studies investigate the response of the 3D buildings with rigid, 
uniaxial, and biaxially coupled corner beam-column connections. Joints with beams framing in from 
opposite sides of the column were considered to be rigid in that plane. Hence, internal beam-column 
joints were modelled as rigid as were edge column joints in the plane of the edge beams. The 
influence of biaxial loading is investigated in the next chapter locally at the element level and globally 
by examining the connection influence on the overall behaviour of the structure. This assessment 
includes a comparison of the members’ shear and the chord rotation demands with the rotation 
capacities defined in Eurocode-8:part3 (BSI, 2005). The following sections describe the procedures 
used to calculate the shear resistance and the chord rotation capacity of the members. Furthermore, the 
proposed biaxial hysteretic joint model described in Chapter 4 is implemented into a beam-column 
sub-assemblage that is extracted from the regular 3-storey building and the response is plotted under 
c o lu m n s  9 ,1 0  a n d  1 1  in  th e  1 s t f lo o r
c o lu m n s  9 ,1 0  a n d  1 1  in  th e  2 n d  a n d  3 rd  f lo o r c o lu m n s  8  in  th e  1 s t,  2 n d  a n d  3 rd  f lo o r
c o lu m n s  8 ,9 ,1 0  a n d  1 1  in  th e  4 th ,5 th  a n d  6 th  f lo o r
c o lu m n s  1 2 ,1 3 a n d  1 4  in  th e  1 s t, 2 n d  a n d  3 rd  f lo o r c o lu m n s  1 ,2 ,3 ,4 ,1 5 ,1 6 ,1 7  a n d  1 8  in  f lo o r  3  to  6
c o lu m n s  1 ,2 ,3 ,4 ,1 5 ,1 6 ,1 7  a n d  1 8  in  th e  1 s t a n d  2 n d  f lo o r
c o lu m n s  5 ,6 ,7 ,1 9 ,2 0  a n d  2 1  in  f lo o r  1  to  6
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biaxial cyclic loading. This has been performed to check the biaxial response of a typical corner 
connection in 3D framed building using the suggested input parameters required for the uniaxial and 
biaxial hysteretic models.  
5.10.1. Shear resistance capacity according to Eurocode-2 
Eurocode-2 gives design equations, which can be used to predict the shear resistance of beams and 
columns. The code gives design equations for the shear resistance of members without and with shear 
reinforcement. Beams and columns in RC framed structures require shear reinforcement. Therefore, 
the shear resistance of beams is calculated using the variable angle truss model presented in 
Eurocode-2 for members requiring shear reinforcement. The shear resistance in columns is taken as 
the greatest of the shear resistances calculated without and with shear reinforcement. The former can 
be greatest for columns since the calculated shear resistance without shear reinforcement is enhanced 
by axial load unlike the calculated shear resistance of members with shear reinforcement. Shear 
resistance is calculated in Eurocode-2 as follows. 
5.10.1.1. Members not requiring design shear reinforcement 
The design value of the shear resistance ????? is given by: ????? ? ??????? ????????????????? ?? ?????????????                                                                              (5.5)  
With a minimum of ????? ? ?????? ?????????????                                                                                                            (5.6) 
Where: ??? is the characteristic compressive cylinder strength of concrete in 28 days in MPa 
? ? ? ??????? ? ???? ????????? ?                                                                                                   (5.7) ?? ?? ??????? ?? ????                                                                                                                               (5.8) ??? is the area of the tensile reinforcement, which extends ? ???? ? ?? beyond the section considered 
as shown in Figure 5-18. ?? is the smallest width of the cross-section in the tensile area (mm). 
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??? ????? ??? ?? ??????????????       (?????: is the compressive stress in concrete from axial load or 
prestress) ???? ?????????        (????Design value of concrete compressive strength). ???????Design value of concrete compressive strength. ?? partial factor for concrete. ??????is the axial force in the cross-section [in N](? ?? ? ??for compression). The influence of 
imposed deformation on ??? ?may be ignored. ?? is the area of concrete cross section [mm2] ????? ?is [N]. 
The values of ?????, ???? and ???for use in a country may be found in National Annex. The 
recommended value for: 
 ????? is 0.18/?? ???? ? ???????? ?? ?????? ??  ???is 0.15 
 
Figure 5-18 Definition of the area of the tensile reinforcement Asl.(BSI, 2004a) 
5.10.1.2. Members requiring design shear reinforcement 
Eurocode-2 uses the variable angle truss model shown in Figure 5-19 for the design of shear 
reinforcement in linear members. The notation in Figure 5-19 is as follows: ? is the angle between shear reinforcement and the beam axis perpendicular to the shear (measured 
positive as shown in Figure 5-19) ? is the angle between the concrete compressive strut and the beam axis perpendicular to the shear 
force. ???  is the design value of the tensile force in the longitudinal reinforcement. ??? ?is the design value of the concrete compression force in the direction of the longitudinal 
member axis. 
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?? is the minimum width  between tension and compression chords ??is the inner lever arm, for a member with constant depth, corresponding to the bending moment 
in the element under consideration. In the shear analysis of reinforced concrete without axial force, 
the approximate value ?? ? ????? may normally be used (the lever arm depth may also be 
approximated as ?? ? ????? based on the shear resistance component in the 3D analysis). 
 
Figure 5-19 Truss model and notation for shear reinforced members (BSI, 2004a). 
The angle ? should be limited. The limiting values of ????? for use in a country may be found in its 
National Annex. The recommended limits are given by:  
 ? ? ??? ?? ? ???? 
For members with vertical reinforcement, the shear resistance ??? is the smaller value of: ???????????????????????????????????????????????? ? ???? ??????? ??? ?                                                          (5.9) 
and ??????????????????????????????????????? ?? ? ????????????? ???? ? ? ??????                                            (5.10) 
First assume that ??? ? ? ????. If  ????? ?????? ?? , find real ??? ? by letting ????? ?????? ??. 
Where: ??? is the cross-sectional area of the shear reinforcement. ???is the spacing of the stirrups. 
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???? is the design yield strength of the shear reinforcement. ?? is a strength reduction factor for concrete cracked in shear. ??? ?is a coefficient taking account of the state of the stress in the compression chord. 
The value of ?? and ??? for use in a country may be found in its National Annex. The recommended 
value of ?? is ?. ? is defined in according to the British annex by: ? ? ?????? ? ??????? 
The recommended value of  ??? is as follows: ?                               for non-prestressed structures. ?? ? ??? ?????           for ? ? ??? ?? ???????? ????                           for ???????? ? ??? ?? ??????? ????? ? ??? ????? ???   for ??????? ? ??? ?? ??????? ??? is the mean compressive stress, measured positive, in the concrete due to design axial force. 
The mean strength values are used instead of the characteristic and design strength of concrete and 
reinforcement for calculating the shear resistance. This is done in order to compare the mean shear 
resistance with the shear demand. 
5.10.1.3. Shear resistance of members in 3D structures 
Members in 3D RC framed structures are subjected to biaxial loading. Thus, the shear demand of RC 
members in 3D frames structures is the resultant of the shear demand along the two principle axes. 
However, the horizontal shear demand is relatively low in beams and hence can be neglected. Thus, 
the vertical shear is only considered for the beam shear check in this research. This assumption is not 
valid for columns in which the shear demand may be significant in both directions. The biaxial shear 
demand/capacity ratio is considered in columns using a circular interaction for biaxial shear in 
corresponding to the Japanese code (AIJ, 1994) since Eurocode-2 (BSI, 2004a) does not give any 
guidance on this. 
? ??? ??????????????????? ?? ?? ??? ??????????????????? ? ???                                                  (5.11) 
Where: ????????? and ????????? are the shear demand along  x and y axis respectively.  ???????????? and ???????????? are the shear resistance along x and y axis respectively. 
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5.10.2. Ultimate chord rotation capacity according to Eurocode-8:part3 
The deformation capacity of members can be evaluated in terms of their chord rotation angle??. The 
chord rotation ? is the angle between the tangent to the axis at the yielding end and the chord 
connecting that end with the point of contra-flexure which is located at the end of the shear span 
(?? ? ??? ? Moment ratio at the end section) as shown in Figure 5-20 for beams and columns. 
The chord rotation is also equal to the element drift ratio. Therefore, the chord rotation is the 
deflection at the end of the shear span with respect to the tangent to the axis at the yielding end 
divided by the shear span as shown in Figure 5-20 (c). 
  
(a)                                                               (b)                                                             (c) 
Figure 5-20 Ultimate chord rotation definition in (a) beams, (b) and (c) columns. 
The ultimate chord rotation in beams and columns should be calculated based on the following 
equation in corresponding to Eurocode-8:part3 (BSI, 2005): 
 ??? ?? ???? ???????? ?????? ???????????? ????????????? ? ????????? ??????????? ?????? ???????????? ?????????????     (5.12) 
 ??? is equal to 1.5 for primary seismic elements and to 1 for secondary seismic elements.  ? is the depth of cross-section. ?? ??? ??  is the ratio moment/shear at the end section. ? ? ? ????? ? (b width of compression zone, N axial force positive for compression) ? ? ??? ? ?? ???? ???  is the mechanical reinforcement ratio of the tension and web longitudinal 
reinforcement. 
B e n d in g  m o m e n t
d ia g ra m
W 2
W1
L V 1
L V 2
U n -d e fo rm e d  s h a p e
D e fo rm e d  s h a p e
illu s tra t in g  c h o rd
ro ta tio n
L V 2
L V 1
W 2
W 1
U n -d e fo rm e d
 s h a p e
B e n d in g  m o m e n t
d ia g ra m
D e fo rm e d  s h a p e
illu s tra t in g  c h o rd
ro ta t io n
W 2
W1
U x
D e fo rm e d  s h a p e
illu s tra t in g  d r ift
 ra tio
CHAPTER 5                      Design of Studied RC Framed Buildings and Methodology of Analysis 
194 
 
?? ? ??? ???? ???  is the mechanical reinforcement ratio of the compression longitudinal 
reinforcement. ??,  ??? and  ??? are the concrete compressive strength (MPa), the stirrup yield strength (MPa) and the 
longitudinal steel yield strength (MPa) respectively. Strength values should be the mean values 
appropriately divided by a confidence factor accounting for the level of knowledge attained. ??? ????? ??????  is the ratio of transverse steel parallel to the direction x of loading (??is the stirrup 
spacing). ?? is the steel ratio of diagonal reinforcement (if any), in each diagonal direction. ? is the confinement effectiveness factor, that may be taken equal to: 
                                               ? ? ?? ? ?????? ?? ? ?????? ?? ? ??????????                                                                     (5.13) 
Where: ?? and ?? is the dimension of confined core to the centreline of the hoop as shown in Figure 5-21. ?? is the centreline spacing of longitudinal bars (indexed by i) laterally retrained by a stirrup corner or 
a cross-tie along the perimeter of the cross section hoop as shown in Figure 5-21. 
 
(a)                                                      (b) 
Figure 5-21 Confined and unconfined parts over the cross-section and along member with (a) circular section and 
circular hoops; or (b) square section and multiple ties(Fardis, 2009). 
The confinement effectiveness factor should always be positive value. If the confinement 
effectiveness factor is less than zero, the confinement effectiveness factor should be taken as 1. 
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5.10.2.1. Ultimate chord rotation under cyclic biaxial loading 
Members in real 3D structures are subjects to biaxial loading and hence the demand rotation of these 
members is the resultant of the uniaxial rotations along the two principal axes. A circular interaction is 
a reasonable approximation for the biaxial chord rotation (Fardis, 2009). The biaxial chord rotation 
demand/capacity ratio in beams and columns along the two principal axes is predicted in equation           
(5.14). The demand chord rotations are obtained from the nonlinear time history analysis while the 
capacity is predicted based on the ultimate chord rotation equation (5.12) proposed by Eurocode-
8:part3 (BSI, 2005). 
 ????? ??????????????????? ???????? ??????????????????? ? ??            (5.14) 
Where:  ???? ????? and ???? ????? are the demand ultimate chord rotation along the two principal axes.  ???????????? and ???????????? are the capacity ultimate chord rotation along the two principal axes.  
5.10.2.2. Predicted demand chord rotation in members 
This section demonstrates the procedures adopted in this research for calculating the shear demand in 
members. A 3D beam-column elasto-plastic cubic formulation, based on the fibre approach, is 
adopted in this research for modelling the elasto-plastic response of RC beams and columns. The 
formulation is proposed by Izzuddin (Izzuddin and Elnashai, 1993b, Izzuddin and Lloyd Smith, 2000) 
and it accounts for the spread of plasticity within the element. Geometric nonlinearity is considered by 
modelling the effect of large displacements in 3D space and the beam-column effect.  
The proposed cubic formulation assumes cubic shape functions for the transverse displacements v(x) 
and w(x). Figure 5-22 illustrates the local freedoms of the elasto-plastic cubic formulation which 
employs a constant centroidal axial strain criterion with the six associated local freedoms ????? ????? ????? ?????∆? ??. Thus, the generalised strain consists of centroidal axial strain, rate of twist, 
and curvature strains about the two principal axes. The strains shown in Figure 5-22 are the strains 
with reference to the member local system and hence Figure 5-22 shows the strains corresponding to 
one sub-element. However, each column in the 3D framed buildings is subdivided into 6 sub-elements 
and each beam is subdivided into 10 sub-elements as shown in Figure 5-23 and Figure 5-24 
respectively. This is a reasonable mesh, which can accurately capture the deformations of the RC 
beams and columns using the fibre approach.  
The demand chord rotation in beams and columns is the resultant of the three rotational components 
listed below:  
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1. The rotation due to the flexural curvatures along the two principal axes denoted as ????? ????? ????? ????for the two ends of the beam and column local axes as shown in Figure 
5-22  (i.e. the rotations corresponding to the first and the last sub-element of each member 
where Figure 5-22 shows the deformed shape of one sub-element only while each member is 
divided into several sub-elements). This rotational component is depicted as ??? in Figure 
5-23 and Figure 5-24 which shows column and beam deflected shapes respectively. 
 
Figure 5-22 Local freedoms of 3D elasto-plastic cubic formulations(Izzuddin and Lloyd Smith, 2000) 
2. The rotational component in columns due to the relative horizontal displacement of the two 
ends of the first sub-element which is depicted ???in Figure 5-23. This rotational component is 
denoted as ???  in Figure 5-23 (a) at the other end of the column where the rotation is defined 
as the relative horizontal displacement of the two ends of the last sub element divided by the 
last sub element length. This rotational component arises in beams due to the relative vertical 
displacement of the two ends of the first sub-element divided by the first sub-element length 
denoted as????for the beam left side in Figure 5-24. This rotational component is the most 
significant rotational component in beams.  
3. The rotation due to the horizontal lateral displacement at the two ends of the column (drift 
ratio) and due to the vertical displacement at the two ends of the beam. This rotation is the 
most significant rotational component in columns and equals to the column drift ratio which 
is depicted ???in the column deflected shapes shown in Figure 5-23. This rotational 
component is not significant in beams where it is defined as the relative vertical displacement 
at the beam two ends divided by the full beam length as shown in Figure 5-24.  
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(a)                                                                                       (b) 
 
(c) 
Figure 5-23 Column deflected shapes under lateral load demonstrating the demand chord rotation (θ chord) 
components (??? ??? ??). 
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Figure 5-24 Beam deflected shape under lateral load demonstrating the demand chord rotation (θ chord) components 
(??? ??? ??). 
Three cases can arise when calculating the resultant chord rotation demand in terms of the three 
rotational components (??? ??? ??) which is calculated as follows: 
1. For the case where (?? ? ?? ????) 
This case is described in Figure 5-23 (a) at the column bottom end and in 
Figure 5-23 (c) where???????? ?? ??? ???? ????. 
2. For the case where (?? ? ?? ????) 
This case is shown in Figure 5-23 (b) where???????? ?? ? ?? ???? ????. 
3. For the case where (?? ? ?? ????) 
The resultant chord rotation ??????? ?? ? ?? ???? ???? as shown in Figure 
5-23 (a) at the column top end and in beams deflected shape in Figure 5-24. 
5.10.3. Modelling of beam-column sub-assemblage with biaxial joint model 
The proposed biaxial joint model was used to model the 3D beam-column sub-assemblage shown in 
Figure 5-25. This was done to demonstrate the response of a typical corner connection when modelled 
using the input parameters shown in Table 5-6 which are adopted in the analysis of the 3D buildings 
in Chapter 6. 
The sub-assemblage represents column 1, beam 1 and beam 3 in the regular 3-storey building shown 
in Figure 5-9. The imposed time history loading applied at the column top EW and NS directions is 
shown in Figure 5-26. CCW Biaxial cloverleaf loading is employed to show the effect of varying the 
loading angle.  
CHAPTER 5                      Design of Studied RC Framed Buildings and Methodology of Analysis 
199 
 
 
(b)                                                                                       (b) 
Figure 5-25 (a) Free body diagram of the simulated beam-column sub-assemblage, (b) members dimensions and cross 
sections. 
 
 
Figure 5-26 Imposed time history loading applied at the sub-assemblage column top. 
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Table 5-6 Proposed parameters for the uniaxial and biaxial joint hysteretic model suggested for the nonlinear 
analysis of the 3D framed buildings 
1
st
 diagonal 
shear 
strength  
(N.mm) 
Ultimate 
shear 
strength 
(N.mm) 
Elastic 
stiffness 
(N.mm/rad) 
Plastic 
stiffness 
(N.mm/rad) 
Softening 
stiffness 
(N.mm/rad) 
Stiffness 
degradation 
parameter (α) 
Pinching 
parameter 
(β)  
5.80E+10 2.90E+08    1.84E+09    3.22E+08    0   5  0.3 ? 1ST 
Strength 
degradation 
parameter 
ε  2nd 
Strength 
degradation 
parameter 
for energy 
δ  3rd 
Strength 
degradation 
for 
displacement 
 
Ultimate 
positive 
rotation 
(rad) 
Ultimate 
positive 
displacement 
for strength 
degradation 
(???? (rad) 
ρ interaction 
parameter 
which limit 
interaction 
surface 
biaxial 
degradation 
parameters 
µ 
0.1 15 1.5    0.1  0.0525 0.65 0.1 
The calculated biaxial and uniaxial joint responses are shown in Figure 5-27 for the EW and NS 
directions. The biaxial response depends on the angle of loading at the instant the interaction surface 
is first intersected. The proposed model assumes that one beam will have the full uniaxial strength 
while the other has a reduced strength ?⋅????????? for loading angles located within the flat cut zones. 
This arises in the simulation below in which maximum joint moment in the NS joint is reduced to ? ???????? ? ?????⋅???????? ? ????????. The maximum EW biaxial shear strength equals the full 
uniaxial strength capacity. Although the angle of loading is located within the flat cut zone at the 
instant the interaction surface is first intersected, it subsequently varies at each loading step based on 
the biaxial moments in the previous step. This is illustrated in Figure 5-28 where the biaxial moments 
in the EW and NS directions generate a cloverleaf shape due to the variation in the loading angle. The 
shape depicted in Figure 5-28 is relatively close to that of the imposed cloverleaf displacements 
shown in Figure 5-26. The reduction in the predicted maximum biaxial strength, which is depicted in 
the NS direction only under CCW cloverleaf loading (out of phase loading), conforms with the 
experimental response of Akguzel’s specimen 3D1 tested under CCW clover leaf loading as described 
in Chapter 4. 
Strength degradation is kept relatively low in the below simulation in order to isolate the effect of the 
biaxial loading and minimise convergence issues in the numerical simulation of the 3D-framed 
structures. The experimental results of unconfined and poorly reinforced exterior and corner 
connections  available in the literature reveal that joint shear failure can occur with minimal strength 
degradation (Pampanin, 2002, Ehsani et al., 1987, Chun and Kim, 2004, Chutarat and Aboutaha, 
2003) while joints in other tests experience significant degradation before failure (Clyde et al., 2000, 
Hertanto, 2005, Chen, 2006, Hassan, 2011, Akguzel, 2011).  
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Figure 5-27 The EW and NS joint response of the beam-column sub-assemblage simulated using biaxial and uniaxial 
connections. 
 
Figure 5-28 Biaxial cloverleaf joint shear strength 
5.11. Incremental Dynamic Analysis (IDA) and dynamic capacity curve 
Nonlinear time history analysis is adopted in this research to evaluate the seismic performance of 3D 
framed structures using the Incremental Dynamic Analysis (IDA) method. IDA is a computational 
method that is used to assess structural behaviour under seismic loads (Vamvatsikos and Cornell, 
2002). It was developed to estimate the seismic hazard of a given structure and can be considered as 
the dynamic equivalent of static pushover analysis. 
IDA involves performing multiple nonlinear dynamic analyses of a structural model under a series 
of ground motion records, each scaled to several levels of intensity. The scaling levels should be 
appropriately selected to let the structure progress from elastic to nonlinear behaviour followed by 
structural collapse by simply failing to converge to a solution or when the curve turns almost to flat 
line (Vamvatsikos and Cornell, 2002). Failing to converge to a solution may be associated not only 
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with structural failure but also with the inability of the numerical model to reach convergence at a 
specific time step. 
The results of IDA curves for a specific seismic intensity can be presented by plotting the scalar 
intensity measure (IM) versus the damage measure (DM) in the structure. Possible choices for IM are 
the Peak ground acceleration (PGA), Peak Ground velocity and the ξ = 5% damped spectral 
acceleration at the structure’s first mode period (Sa (T1,5%)). DM is an observed quantity that can be 
deduced from the output of the corresponding non-linear dynamic analysis. The base shear, peak drift, 
maximum lateral displacement can be possible choices for DM (Vamvatsikos and Cornell, 2002). 
Alternatively, the results of IDA can be plotted using the same coordinates as in the nonlinear static 
pushover analysis, resulting in the so-called “dynamic capacity curve”, calculated for each ground 
motion (Mwafy and Elnashai, 2011, Fragiadakis and Vamvatsikos, 2011). The dynamic capacity 
curves show the maximum lateral displacement as a function of base shear. This provides direct 
comparison between the capacity of a given structure predicted using nonlinear static and dynamic 
analysis. 
5.12. Imposed time histories ground acceleration  
Each structure was analysed under three different pairs of natural ground motion records in 
accordance with the Eurocode-8:part3 (BSI, 2005) requirements. Figure 5-29 shows the EW and NS 
normalised ground acceleration records of the implemented ground motions: El-Centro, Al-Aqaba and 
L’Aquila earthquake. The peak ground acceleration PGA, shown in Figure 5-29, is the maximum 
ground acceleration that occurred during earthquake and equals the amplitude of the largest absolute 
acceleration recorded on an accelerogram. The EW and NS acceleration records were imposed on the 
3D models simultaneously while the vertical acceleration component was neglected.  
The 3D models were implemented into ADAPTIC and a series of parametric studies were carried out 
with i) rigid joints, ii) uniaxial edge and corner column joints and iii) uniaxial edge columns and 
biaxial corner connections. Joints were modelled as rigid when the beam was continuous through the 
joint as previously explained. The structures were analysed using nonlinear time history analysis 
adopting the IDA method by involving the three ground motion records, each scaled to several levels 
of intensity. A dynamic capacity curve was defined for each structure by plotting its maximum 
displacement against the base shear.  
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Figure 5-29 The normalised EW and NS ground acceleration of the imposed ground motions. 
 
5.13. Elastic (5% damped) response spectrum 
The normalised elastic (5% damped) response spectrums are plotted in Figure 5-30 to Figure 5-33 for 
each ground motion in order to in order to relate the fundamental periods of the studied buildings to 
the level of damage induced by each ground motion. The greatest peak acceleration occured under Al-
Aqaba ground motion while the lowest peak acceleration is obtained for L’Aquila ground motion. 
Therefore, the Al-Aqaba ground motion is expected to be the most destructive. High-rise buildings are 
known to have longer periods than low rise buildings as illustrated for the current study in Figure 5-30 
to Figure 5-33.  
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5.13.1  Regular 3-storey building 
The fundamental period of the regular 3-storey building, evaluated using the modal response 
spectrum, is 0.44 seconds. The greatest peaks of the normalised spectral acceleration are evaluated 
under Al-Aqaba ground motion for the 0.44 seconds fundamental period and hence it is expected to be 
the most destructive ground motion.   
  
 
 
Figure 5-30 The normalised elastic (5% damped) response spectrum of the imposed ground motions illustrating the 
fundamental period in the regular 3-storey building. 
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5.13.2 Regular 6-storey building 
The fundamental period of the regular 6-storey building, evaluated using the modal response 
spectrum, is 0.85 seconds. The fundamental period of the 6-stoey building is almost double that of the 
regular 3-storey building as expected. Under the structural fundamental period, the greatest peaks of 
the normalised spectral acceleration are evaluated under El-Centro and Al-Aqaba ground motions 
while the lowest peak acceleration is obtained for L’Aquila motion and hence it is expected to be the 
least destructive ground motion. 
  
  
  
Figure 5-31 The normalised elastic (5% damped) response spectrum of the imposed ground motions illustrating the 
fundamental period in the regular 6-storey building. 
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5.13.3 Irregular 3-storey building 
The fundamental period of the irregular 3-storey building is 0.28 seconds. The greatest peak 
normalised spectral acceleration under the fundamental period is evaluated for Al-Aqaba ground 
motion while the difference between the acceleration peaks of El-Centro and L’Aquila motions is 
insignificant. Therefore, the latter two motions are expected to have a fairly similar destructive effect 
on this building. 
  
  
  
Figure 5-32 The normalised elastic (5% damped) response spectrum of the imposed ground motions illustrating the 
fundamental period in the irregular 3-storey building. 
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5.13.4 Irregular 6-storey building 
The fundamental period of the irregular 6-storey building is 0.54 seconds which is almost double that 
of the irregular 3-storey building as expected. Under this fundamental period, the greatest peaks of the 
normalised spectral acceleration are evaluated under El-Centro and Al-Aqaba ground motions while 
L’Aquila ground motion has the lowest peaks. Therefore, greater damage is most likely to occur in the 
irregular-6 storey building under El-Centro and Al-Aqaba motions. 
  
  
  
Figure 5-33 The normalised elastic (5% damped) response spectrum of the imposed ground motions illustrating the 
fundamental period in the irregular 6-storey building. 
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5.14. FE description 
The response of beams and columns is simulated using a cubic formulation, based on the fibre 
approach (Izzuddin and Elnashai, 1993a) which accounts for the spread of plasticity within the 
element. Each column in the 3D framed buildings is subdivided into 6 sub-elements and each beam is 
subdivided into 10 sub-elements. The element length is not uniform. Shorter elements are placed at 
the two ends of each column and at the two ends and mid-span of each beam in the regions where it is 
expected the development of concrete cracking and crushing and plastic deformations in steel 
reinforcement. The adopted mesh can accurately capture the deformations of the RC beams and 
columns using the fibre approach. 
A simplified truss model suggested by Yettram and Husain (Yettram and Husain, 1966), which 
investigated in chapter 3, is used to simulate the slab response in the nonlinear analysis of the 3D 
framed structure described in the next chapter. The masses associated with the inertia forces are 
uniformly distributed along the length of the beams.  
5.15. Conclusions 
This chapter introduces the design and detailing of four buildings, which were designed to represent 
seismically vulnerable buildings intended to be representative of the many existing structures 
subjected to, but not designed for seismic loading. The buildings were designed with heights of three 
and six stories. Two buildings are regular and two irregular. The member sizes and reinforcement 
areas were selected to allow for joint shear failure in the edge and corner joints by ensuring that the 
joint shear force corresponding to flexural failure of the incoming beams or columns was greater than 
the joint shear strength. 
The maximum joint shear strength of the edge and corner joints is predicted using the Vollum and 
Newman model (Vollum and Newman, 1999) and is reduced by a factor of 0.822, as suggested by 
Lima (Lima, 2010), to account for the cyclic loading effect. This chapter defines the input parameters 
used in the joint models for the nonlinear analysis of the 3D framed buildings. The selected strength 
degradation is chosen to be relatively low in order to avoid any nonlinear problems in the numerical 
simulation of the 3D-framed structures. The proposed biaxial joint model is implemented into a 3D 
beam-column sub-assemblage in order to demonstrate the response of a typical corner connection in 
3D framed building using the proposed range of parameters. The obtained biaxial response conforms 
with the experimental response of Akguzel (Akguzel, 2011) specimen 3D1 that tested under CCW 
clover leaf loading.   
Parametric studies were carried out to investigate the response of the buildings designed in this 
chapter when modelled with rigid, uniaxial, and biaxially coupled corner beam column connections. 
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Joints with beams framing in from opposite sides of the column are considered to be rigid in that 
plane. Nonlinear time history analysis was used to evaluate the seismic performance of the 3D framed 
structures using the Incremental Dynamic Analysis (IDA) method (Vamvatsikos and Cornell, 2002) 
by performing a series of ground motion records, each scaled to several levels of intensity. The 
normalised EW and NS components of El-Centro, Al-Aqaba and L’Aquila ground motions are 
presented in this chapter. The analysis was carried out with ADAPTIC (Izzuddin, 1991) using 
nonlinear time history analysis. The results of the analyses described in this chapter are presented in 
Chapter 6.  
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Chapter 6.  
Numerical Simulation of Space Structures  
6.1  Introduction  
As described in Chapter 2, most previous research into beam-column joints has focussed on the 
uniaxial response of joints in 2D-framed structures. However, RC buildings are 3D structural systems, 
where joints are subjected to biaxial loading. Unlike interior and edge connections, which are partially 
confined with beams, corner connections are not confined by beams framing into opposite column 
faces. Thus, corner connections in 3D framed structures are subjected to complex stress states under 
biaxial seismic loading which can cause significant damage adversely affecting the whole structure.  
Beam column joints in framed structures, subject to but not designed for seismic loading, are not 
commonly designed for shear. Consequently, such joints are at risk of failure during seismic events. 
The influence of beam column joints on whole structure response is usually investigated with 
nonlinear analysis of 2D framed structures (Park and Mosalam, 2013). However, RC buildings are 3D 
structural systems in which corner connections are subjected to biaxial loading in seismic events. A 
detailed evaluation of 3D framed structures with corner connections subjected to biaxial loading is 
still lacking.  
A novel biaxial joint model is proposed in Chapter 4 for calculating the response of corner beam 
column connections subjected to biaxial loading. The proposed biaxial joint model is shown in 
Chapter 4 to be capable of replicating the measured response of beam column sub-assemblages tested 
under biaxial loading.  
This chapter examines the influence of corner joint modelling on the calculated seismic response of 
seismically vulnerable 3D-framed structures. Numerical simulations are performed using nonlinear 
time history analysis on the 3D regular and irregular buildings described in Chapter 5. Nonlinear time 
history analysis is carried out using the Incremental Dynamic Analysis (IDA) method. A rotational 
spring element model, described in Chapter 3, is considered to simulate the joint response. The joint 
element is considered as a zero length spring element defined by two coincident nodes. Rigid
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elements are adopted to simulate the portion of the beams and column inside the joint panel area. 
Internal and edge column joints in the plane of the perimeter beams are modelled as rigid due to the 
confinement provided by the incoming beams as discussed in Chapter 5. The corner and edge column 
joints, in the plane perpendicular to the perimeter beam, are modelled as i) rigid, ii) uniaxial and iii) 
uniaxial at edges and biaxial at corners. These analyses are depicted in the remainder of this chapter 
as i) Rigid, ii) Uniaxial and iii) Biaxial. The objective of the study is to examine the influence of 
connection modelling on the overall behaviour of the structure. The performance of the beams and 
columns is evaluated in terms of the shear and chord rotation demand/capacity ratios.  
6.2  The parametric study variables 
Regular and irregular buildings are investigated in this research using nonlinear time history analysis. 
The variables of the parametric study are the geometry of the building, the number of storeys, and the 
joint behaviour. Each building is analysed with i) rigid joints, ii) uniaxial edge and corner column 
joints and iii) uniaxial edge columns and biaxial corner connections. The following structures are 
investigated: (i) regular 3-storey building, (ii) regular 6-storey building, (iii) irregular 3-storey 
building and (iv) irregular 6-storey building. 
6.3  Material properties 
The material properties of concrete and reinforcing steel used in the parametric studies are shown in 
Table 6-1. Mean strength values were used for concrete and reinforcing steel in the numerical 
simulation as required by Eurocode 8 (BSI, 2005) for nonlinear time history analysis.  
Table 6-1 The material properties of concrete and reinforcing steel 
  Material Properties 
Concrete compressive strength  ???  21 Mpa 
Steel Modulus of elasticity 210000 Mpa 
Reinforcement yield strength 650 MPa 
Strain hardening (???? ??? ?) 0.01 
 
6.4  Load combination 
The load combination for seismic loading suggested by Eurocode-8:part1 (BSI, 2004b) is: 
                                                     ??? ?? ????? ????? ?????? ??                                                    (6.1) 
                        Design action effect = Dead load +Earthquake load +Reduced variable load. 
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The coefficient ???, which is taken as 0.3 in the present study, accounts for the fact that the full 
variable load is very unlikely to be present during a seismic event. Wind loads are not included in 
seismic analyses.  
6.5  Regular-3-storey building 
A model of the regular 3-storey building described in Chapter 5 is implemented into ADAPTIC 
(Izzuddin, 1991) and analysed using nonlinear time history analysis under three different natural 
ground motions (i.e. El-Centro, AL-Aqaba and L’Aquila earthquakes). The structure was designed 
and detailed to be representative of non-ductile older-type RC buildings which are seismically 
vulnerable. As described in Chapter 5, the structure was designed and detailed to make joint shear 
failure critical under seismic loading. The structural plan, shown in Figure 6-1, depicts the identity of 
the 23 beams and 20 columns. The 3D model used to represent the 3-storey regular building is shown 
in Figure 6-2. Each member has its own identifying label. To avoid the necessity of different labels at 
each floor level, the beams and columns in Figure 6-1 are identified by the floor level and a 
beam/column number common to all floors (e.g.  C1 1
st
 floor, C1 2
nd
 floor, C1 3
rd
 floor represent 
column number 1 at the first, second and third floor respectively). Additionally, column identities are 
used to define the joints as follows: Joint 1 EW and Joint 1 NS refer to the joints located at the corner 
Column 1, depicted in Figure 6-1, in the x and y directions. Joint 1, 2
nd
 floor refer to the joint located 
at the corner Column 1 at the second floor. Columns supporting first floor are called first floor 
columns.  
 
Figure 6-1 The structural plan of the regular 3-storey structure (dimensions in mm).  
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Figure 6-2 The 3-storey regular structure 3D model (3.5m floors height) 
6.5.1 The proposed envelope curve for the external connections 
Only the behaviour of external and corner beam-column connections is simulated in this study using 
spring elements. Internal connections are well confined from both directions and hence are assumed to 
be rigid. Connections of perimeter beams to columns are also assumed to be rigid except at corner 
columns. The proposed envelope curve, described in Chapter 3, is used to construct the envelope 
curves of the corner and external connections as illustrated in Figure 6-3 (a) and (b) respectively.  
The implemented backbone curves for the EW and NS corner connections are the same since the 
aspect ratios and the width of the beam column connections are identical in the EW and the NS 
directions and the incoming beams are identically reinforced. The calculated joint shear strength of 
the external joints is greater than that of the corner joints because the effective width of the external 
joints is greater than that of the corner joints. 
   
(a)                                                                                         (b) 
Figure 6-3 The implemented envelope curve for (a) the four corner connections (b) other exterior connections. 
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6.5.2 Structure Vulnerability measured by its Storey drift 
Structural vulnerability under seismic loading is usually measured as a function of the maximum inter 
storey drift which is the ratio of the maximum inter storey lateral displacement to the storey height. 
Eurocode-8:part1 (BSI, 2004b) provides some guidance on damage limitation associated with 
serviceability requirements but not for the ultimate limit state that associated with collapse or with 
other forms of structural failure. Therefore, the limiting storey drift proposed by Eurocode-8:part1 is 
relatively low at 0.5% for traditional buildings with brittle non-structural components (i.e. partition 
walls, cladding etc.). Chapter 4 proposes a collapse rotation limit (storey drift collapse limit) of 0.028 
(equivalent to 2.8% collapse drift limit) derived from analysis of tests on subassemblies representing 
unconfined and poorly reinforced exterior and corner connections.   
The maximum EW and NS storey drifts obtained from the nonlinear analysis are presented in this 
section. Building collapse is considered likely at drifts greater than the suggested 2.8% collapse drift 
limit.  
6.5.2.1 Storey drift at maximum intensity level 
The maximum EW and NS storey drifts are shown in Figure 6-4 for the Rigid, Uniaxial and Biaxial 
analyses for each ground motion at the intensity level corresponding to building collapse. The peak 
drifts developed at the second floor under the El Centro and L'Aquila ground motions and at the third 
floor under Al-Aqaba ground motion. The intensity level at collapse is the greatest intensity at which 
the numerical solution of the nonlinear analysis can be converged and hence the full acceleration 
record can be applied. Any further increments to the ground motion intensities shown in Figure 6-4 
failed to converge to a solution and hence the numerical analysis was terminated. Several trials were 
performed to find the maximum intensity level of each ground motion using IDA as explained in 
Chapter 5. The maximum inter storey lateral displacement is a measure of the maximum level of 
damage in the structure at collapse. However, the 3D beam-column elasto-plastic cubic formulation 
(Izzuddin, 1991, Izzuddin and Elnashai, 1993), adopted in this research only simulates flexural 
failure. Consequently, the analysis continues after the shear resistance of beams and columns is 
exceeded. Moreover, the level of joint strength degradation adopted in the nonlinear finite element 
analysis (NLFEA) is relatively low. Thus, the demand drifts shown in Figure 6-4 are greater than the 
proposed collapse drift limit.  
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(a) El-Centro ground motion under 0.6g 
 
(b) AL-Aqaba ground motion under 0.8g 
 
(c) L’Aquila ground motion under 1.2g 
 
Figure 6-4 The peak EW and NS storey drifts at the maximum ground acceleration located at the second floor level in 
the regular 3-storey structure simulated under (a) El-Centro, (c) L’Aquila and at the third floor level under ((b) AL-
Aqaba ground motions respectively using rigid, uniaxial and biaxial joints  
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The EW storey drift is greater than the NS storey drift for all the simulated models owing to the 
imposed loading, and structural arrangement. The greatest drift occurred at the building corners. The 
regular building has five frames, on grids A-E, resisting lateral loading in the NS direction which 
support the floor slabs as shown in Figure 6-1. Lateral loading in the EW direction is resisted by two 
frames, on grids 1 and 4, which carry only their self-weight and that of the external wall. Thus, the NS 
stiffness is expected to be greater than the EW stiffness. 
As explained in Chapter 5, the dynamic capacity curve is equivalent to the static pushover analysis 
capacity curve. It defines the stiffness and the maximum lateral displacement of the structure. The 
term maximum lateral displacement in this research refers to the relative displacement of the corner 
columns at the top floor relative to the base. Figure 6-5 illustrates the dynamic capacity curve of 
Column 1 for the AL-Aqaba ground motion with biaxial corner connections. The greater stiffness of 
the building in the NS direction limits the lateral NS displacement as illustrated in the dynamic 
capacity curve of Column 1 in Figure 6-5. Figure 6-4 shows that the suggested collapse limit is 
exceeded in the EW direction only due to the greater stiffness in the NS direction. 
 
Figure 6-5 The dynamic capacity curve of column1 for the regular 3-storey structure under AL-Aqaba ground 
motions with biaxial corner connections case. 
Figure 6-4 shows that the intensity of ground motion at which the NLFEA failed to converge was 0.6g 
for El-Centro, 0.8g for AL-Aqaba and 1.2g for L’Aquila. The EW storey drift of the 3D model 
simulated using the AL-Aqaba ground motion is most critical. The L’Aquila ground motion is least 
damaging because it only had one peak unlike El-Centro and AL-Aqaba which had several peaks 
producing greater damage, higher dissipated energy and hence higher storey drift. Moreover, the 
greatest storey drift occurred in the structures analysed with biaxial corner connections while the least 
storey drift is obtained with rigid connections. A maximum EW storey drift of 6.46% is obtained with 
biaxial connections under AL-Aqaba ground motion followed by 6.19% with uniaxial connections 
and 4.69 % with rigid connections. 
The maximum storey drift in the 3D model analysed with biaxial corner connections is 37.8% greater 
than that obtained with rigid connections and 5 % greater than that obtained with uniaxial 
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connections. Corner connections subjected to biaxial loading experience excessive damage inducing 
higher rotational deformation compared to the other connections. Biaxial corner connections provide 
the structure with additional flexibility producing higher storey drift. However, the calculated demand 
drifts obtained from the uniaxial and the biaxial analyses are relatively similar in the regular 
buildings. Biaxial loading effect is more adverse in the high storey irregular buildings as shown in the 
next sections. 
6.5.2.2 Storey drift under several levels of ground motion intensities 
The storey drift of the regular 3-storey building is plotted in Figure 6-6 under several intensity levels 
of ground motion. The graphs illustrate the drifts corresponding to the elastic, plastic structural 
response up to the maximum storey drift at the collapse point. The graphs compare the responses 
obtained in the Rigid, Uniaxial and Biaxial analyses under the three implemented ground motions. 
(a) El-Centro ground motion 
 
(b) AL-Aqaba ground motion 
 
Figure 6-6 Storey drift vs ground acceleration for the regular 3-storey structure under (a) El-Centro, (b) AL-Aqaba 
and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections (Cont’d) 
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(c) L’Aquila ground motion 
  
Figure 6-6 Storey drift vs ground acceleration for the regular 3-storey structure under (a) El-Centro, (b) AL-Aqaba 
and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
6.5.3 The Dynamic capacity of the structure 
The global performance of the structure under seismic loading can be assessed using the dynamic 
capacity curve which, as previously explained, is the dynamic equivalent of the static pushover 
analysis. The maximum lateral displacement of the structure is plotted against the base shear resulting 
in the so-called “dynamic capacity curve,” calculated for each ground motion. Nonlinear time history 
analysis is performed under a sequence of ground motion records, each scaled to several levels of 
intensity. The scaling levels should be appropriately selected to allow the structure to progress from 
elastic to nonlinear behaviour followed by structural collapse due to either failure of convergence or 
the response becoming almost flat. 
The dynamic capacity curve is evaluated as a function of the resultant lateral displacement and base 
shear for the corner Column 1 depicted in Figure 6-1. The response is evaluated under El-Centro, AL-
Aqaba and L’Aquila ground motions in Figure 6-7 (a), (b), and (c) respectively using rigid, uniaxial 
and biaxial connections. The response of the four corner columns is shown in Figure 6-8 under each 
ground motion. 
  
(a)                                                              (b)                                                             (c)                        
Figure 6-7 Base shear vs maximum displacement at the top of the corner Column 1 in the regular 3-storey structure 
under (a) El-Centro, (b) AL-Aqaba and (c) L’Aquila ground motions using rigid, uniaxial and biaxial connections. 
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The biaxial shear demand is estimated using the resultant base shear demand along the corner 
columns’ two principal axes (i.e. ???????? ? ????????????? ??????????????). Similarly, the biaxial lateral 
displacement is calculated using the resultant lateral displacement along the corner column’s two 
principal axes. ( i.e. ?????????????????? ? ?????????????????? ???????????????????) 
The 3D models, analysed with rigid joints, have greater base shears and lower lateral displacements 
than the models analysed with flexible connections. The predicted response is stiffest when evaluated 
using rigid connections. Consequently, higher internal forces develop in the beams and columns of the 
rigidly jointed frame causing a higher base shear. The predicted peak base shear with rigid 
connections is approximately 29% greater than that estimated using flexible connections under El-
Centro ground motion.  
Biaxial corner connections reduce the overall structural stiffness causing a slight, but insignificant, 
increment in lateral displacement of the structure together with small reductions in member internal 
forces and base shear. The analysis with biaxial corner connections is considered most realistic 
because 3D structures are subjected to biaxial loading in earthquakes. 
The dynamic capacity curves of the structures simulated using AL-Aqaba and El-Centro ground 
motions are relatively close. The peak base shear is 450 kN for El-Centro motion and 550 kN for AL-
Aqaba ground motion in the models simulated with flexible connections. The base shear and 
maximum lateral displacement are least for the L’Aquila ground motion for reasons explained 
previously. The maximum lateral displacement depicted under L’Aquila ground motion is 350 mm 
compared with almost 500 mm for the other ground motions. 
The dynamic capacity curve is presented for all four corner columns in Figure 6-8 (a), (b), and (c) 
under El-Centro, AL-Aqaba and L’Aquila ground motions respectively using rigid, uniaxial and 
biaxial connections. The response of the four corner columns (1, 4, 17, and 20) is seen to be almost 
identical under each ground motion because the building is regular. 
(a) El-Centro ground motion 
 
Figure 6-8 Base shear vs maximum displacement at the top corner columns in the regular 3-storey structure corner 
columns under (a) El-Centro, (b) AL-Aqaba and (c) L’Aquila motions using rigid, uniaxial and biaxial connections. 
(Cont’d). 
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(b) AL-Aqaba ground motion 
 
(c) L’Aquila ground motion 
 
Figure 6-8 Base shear vs maximum displacement at the top corner columns in the regular 3-storey structure corner 
columns under (a) El-Centro, (b) AL-Aqaba and (c) L’Aquila motions using rigid, uniaxial and biaxial connections. 
6.5.4 The local response of the uniaxial and biaxial corner connections 
The local response of corner connections subjected to uniaxial and biaxial loading is investigated in 
this section at the maximum imposed ground motion intensity corresponding to the building collapse. 
The implemented envelope curve of the uniaxial and biaxial corner connections is shown in Figure 
6-3. Furthermore, the implemented parameters for the uniaxial and the biaxial joint models are listed 
in Table 6-2. The first twelve parameters are used in both the uniaxial and biaxial models while the 
last two parameters (i.e. the interaction parameter and the biaxial degradation parameter) are required 
for the biaxial joint model only. These parameters are calibrated based on the experimental tests 
available in the literature for unconfined and poorly reinforced exterior connections as described in 
section 10.5.3 in Chapter 5 and in section 4.11 in Chapter 4. 
As discussed earlier, a recommended collapse rotation limit of 0.028 is adopted based on analysis of 
published experimental data from seismically vulnerable joints tested under uniaxial and biaxial 
loading. The proposed collapse rotation limit is depicted in Figure 6-9, Figure 6-10, and Figure 6-11, 
which also show the suggested joint shear failure limit. 
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Table 6-2 The implemented parameters in the corner connections of the regular 3-storey building. 
1
st
 diagonal 
shear 
strength  
(N.mm) 
Ultimate 
shear 
strength 
(N.mm) 
Elastic 
stiffness 
(N.mm/rad) 
Plastic 
stiffness 
(N.mm/rad) 
Softening 
stiffness 
(N.mm/rad) 
Stiffness 
degradation 
parameter (α) 
Pinching 
parameter 
(β)  
2.90E+08    3.22E+08    5.80E+10    1.84E+09    0   5  0.3 
Strength 
degradation 
parameter 
ε   Strength 
degradation 
parameter 
for energy 
δ   Strength 
degradation 
for 
displacement 
 
Ultimate 
positive 
rotation 
(rad) 
Ultimate 
positive 
rotation for 
strength 
degradation 
(???? (rad) 
ρ interaction 
parameter 
which limit 
interaction 
surface 
biaxial 
degradation 
parameters 
µ 
0.1 15 1.5    0.1  0.0525 0.65 0.1 
The local responses of the most critical corner connection are evaluated in this section. The response 
of the same joint is presented at each floor in order to compare the joint behaviour at each storey 
level. Figure 6-9 to Figure 6-11 show the EW and the NS response of Joint 4, depicted in Figure 6-1, 
at the first, second and third floors respectively. Joint rotation is the rotation of the beam relative to 
the column. Joint shear failure is seen to have occurred at the corner connections of all floors. 
The EW direction is more critical than the NS direction for both uniaxially and biaxially modelled 
corner connections. Biaxially modelled corner connections experience higher rotational deformation 
and have lower shear strengths than uniaxially modelled corner connections. 
Some corner joints in Figure 6-9 (c) and Figure 6-11(c) exceed the proposed collapse rotation limit in 
the biaxial but not uniaxial analysis. For example, in the EW direction the rotation of Joint 4 in the 
first and third floor exceeds the collapse rotation limit under L’Aquila ground motion in the biaxial 
but not uniaxial analysis. Joint 4 is most critically loaded at the first floor under El-Centro but at the 
second floor for AL-Aqaba and L’Aquila. The corner joint rotations are greatest for AL-Aqaba. 
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(a) El-Centro ground motion using 0.6g  
 
(b) AL-Aqaba ground motion using 0.8g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure 6-9 Joint 4 EW and NS response in the regular 3-storey building first floor under (a) El-Centro, (b) AL-Aqaba 
and (c) L’Aquila ground motions respectively using uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.6g  
 
(b) AL-Aqaba ground motion using 0.8g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure 6-10 Joint 4 EW and NS response in the regular 3-storey building second floor under (a) El-Centro, (b) AL-
Aqaba and (c) L’Aquila ground motions respectively using uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.8g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure 6-11 Joint 4 EW and NS response in the regular 3-storey building third floor under (a) El-Centro, (b) AL-
Aqaba and (c) L’Aquila ground motions respectively using uniaxial and biaxial connections. 
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6.5.5 Comparison of beam shear force and chord rotation demands with Eurocode 
capacities 
This section considers the influence of joint modelling on the beams. The demand shear force and 
chord rotations are compared with capacities calculated in accordance with Eurocode-2 (BSI, 2004a) 
and Eurocode-8:part3 (BSI, 2005) respectively. As discussed earlier, the 3D beam-column elasto-
plastic cubic formulation  (Izzuddin and Elnashai, 1993, Izzuddin and Smith, 2000) adopted in this 
research models flexural but not shear failure. Therefore, shear failure is investigated at the end of the 
analysis by comparing calculated shear forces with shear resistances calculated with Eurocode-2 (BSI, 
2004a). The nonlinear analysis was performed using mean material strengths, as required by 
Eurocode-8:part3 (BSI, 2005). The calculated shear forces are compared with mean shear resistances 
calculated with unit partial factors. The chord rotational demands of beams and columns are evaluated 
using the procedure described in Chapter 5.  
The resulting shear demand/capacity ratios at the maximum imposed ground motion intensity for the 
El-Centro, AL-Aqaba, and L’Aquila ground motions are illustrated in Figure 6-12 for the first floor 
which is critical for shear. Figure 6-13 shows the most critical chord rotation demand/capacity ratios 
for beams located at the second floor which is critical for flexure under the El-Centro, AL-Aqaba and 
L’Aquila ground motions. Results for the other members are presented in Appendix B. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.8g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure 6-12 First floor beams’ vertical demand/capacity shear ratio in the regular 3-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.8g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure 6-13 2nd floor beams’ biaxial demand/capacity ultimate chord rotation ratio in the regular 3-storey building 
under(a) El-Centro,(b)AL-Aqaba and(c)L’Aquila ground motions respectively using rigid, uniaxial and biaxial joints. 
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The 3D model with rigid connections is stiffer than the uniaxial and biaxial models. Consequently, the 
calculated beam shear demands (see Figure 6-12) are overestimated when joints are modelled as rigid. 
The shear demands calculated in the uniaxial analysis are slightly greater than those calculated in the 
biaxial analysis because, as discussed previously, the structure is more flexible when corner joints are 
modelled biaxially. This can be seen in Figure 6-7, which shows the dynamic capacity curve of corner 
Column 1 for the rigid, uniaxial and biaxial analyses. Furthermore, a fraction of the damage is 
transferred to the joint and hence reduces the shear demand in beams and columns in the models 
simulated with flexible connections.  
Figure 6-12 shows that the shear demand of the beams located at the first floor is approximately the 
same under the El-Centro, AL-Aqaba and L’Aquila ground motions. The gravity load is the same in 
all cases and beam end moments are limited by joint shear strength which is independent of ground 
motion and hence the shear demand in beams are expected to be almost the same under the three 
motions. The shear demand in beams is below the shear resistance proposed by Eurocode-2 (BSI, 
2004a) and hence beam shear failure is not predicted to be critical under seismic loading.  
Beams chord rotations are increased when joint stiffness is modelled as shown in Figure 6-13. The 
increment is most obvious when corner connections are modelled biaxially. The highest beam demand 
rotations arise at the second floor where the rotation of some beams, in the models with uniaxial and 
biaxial connections, exceeds the rotational capacity under AL-Aqaba ground motion. The 
reinforcement bars in these beams, remained elastic at the end connected to the corner joint but 
yielded at the end connected to a rigid joint. This indicates that joint shear failure occurred at corner 
connections. The selected ground motion has a significant influence on the demand rotation of the 
members with beams exceeding their rotational capacity under AL-Aqaba motion being safe under 
L’Aquila and El-Centro ground motions.  
6.5.6 Comparison of column shear and chord rotation demands with Eurocode 
capacities 
The influence of joint modelling on the calculated response of columns is presented in this section. 
The demand shear force and chord rotations are compared with capacities calculated in accordance 
with Eurocode 2 and 8. The resulting shear demand/capacity ratios at the maximum imposed ground 
motion intensity are illustrated in Figure 6-14 at the first floor, which is most critical for columns in 
shear and flexure. Figure 6-15  illustrates the chord rotation demand/capacity ratios at the first floor 
under the El-Centro, AL-Aqaba and L’Aquila ground motions. Results for the other members are 
presented in Appendix B. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.8g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure 6-14 First floor columns’ biaxial demand/capacity shear ratio in the regular 3-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.8g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure 6-15 1st  floor columns’ biaxial demand/capacity ultimate chord rotation ratio in the regular 3-storey building 
under (a) El-Centro, (b)AL-Aqaba and (c) L’Aquila ground motions using rigid, uniaxial and biaxial joints. 
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As discussed in the previous section, the 3D model simulated using rigid connections is stiffer than 
other models while the most flexible response is depicted in the 3D model simulated using biaxial 
corner connections. Therefore, the highest shear demands are depicted in the columns located in the 
rigid connection building, while the lowest shear demands are found in the building simulated with 
biaxial corner connections as shown in Figure 6-14 (e.g. column 1 under El-Centro motion).  
The shear demand exceeds the shear resistance for all the columns located at the first floor with the 
peak shear demand being up to 1.65 times greater than the available shear capacity. The column shear 
demand evaluated using L’Aquila ground motion is relatively low compared with that obtained with 
the other ground motions. However, even so, the shear force in all the columns exceeds the available 
shear resistance because columns were designed to resist gravity loads only. In addition, the shear 
demands in the internal columns (i.e. 6, 7, 10, 11, 14 and 15), in Figure 6-14, remain almost constant 
in all models simulated with flexible and rigid connections because only the behaviour of external and 
corner connections is simulated in the current research.  
As discussed earlier, the 3D models simulated using flexible connections are subjected to excessive 
damage compared to the rigid joints, inducing higher demand rotations in the members as shown in 
Figure 6-15 (e.g column 5). The highest demand rotations are found in the first floor columns 
simulated under El-Centro ground motion. The demand rotations are lower than the rotational 
capacity under L’Aquila ground motion while some columns exceeded their rotational capacity when 
simulated under El-Cento and AL-Aqaba ground motions. Consequently, base hinges developed at the 
base of some of the columns under the El-Centro and AL-Aqaba ground motions. The reinforcement 
at the top end of these ground floor columns remained elastic during the analysis. Results for all 
members are presented in Appendix B.  
6.5.7 Summary for biaxial connections effect 
This section summarises the influence of biaxially modelling corner connections on chord rotation 
and shear demand. The ratio between the demand rotations predicted using the biaxial and uniaxial 
connections is illustrated in Figure 6-16 (a) and (b) for beams and columns respectively. The 
maximum and the minimum ratios were evaluated for all the members at each floor. The maximum 
and minimum values of these ratios are illustrated in Figure 6-17 (a) and (b) for beams and columns 
respectively. The shear demands of all members, which were obtained from the biaxial analysis, are 
divided by the shear demands of the same members calculated from the uniaxial analysis producing 
biaxial/uniaxial shear demand ratio for each member. The maximum and the minimum values of all 
these resulting ratios were plotted in Figure 6-16 (a) and (b) for beams and columns respectively. The 
same procedures were performed for the maximum and minimum chord rotation ratios presented in 
Figure 6-17 (a) and (b) for beams and columns respectively.  
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(a)                                                                                                         (b) 
Figure 6-16 Biaxial connection influence on (a) beams and (b) columns chord rotation 
Members in frames with biaxially modelled corner connections are subjected to marginally greater 
rotational deformation and hence greater damage than members in frames with uniaxially modelled 
corner joints. The influence of modelling connections biaxially is greatest for beams where a 
maximum increment of 15% occurred under the AL-Aqaba ground motion. The corresponding 
increment is only 7% for columns.   
Biaxial connections provide the structure with extra flexibility that reduces the shear demand of the 
members. A 23% loss in the shear demand is captured in some beams due to biaxial corner 
connections with respect to the uniaxial connections. This reduction is marginally less in columns 
where a 17% loss is depicted in the shear demand of some columns due to biaxial connections.  
Mainly the beams framing into corner columns are significantly influenced by biaxial joint modelling. 
 
(a)                                                                                                         (b) 
Figure 6-17 Biaxial connections’ influence on (a) beams and (b) columns shear resistance 
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6.5.8 The deflected shape of the regular 3-storey building using biaxial joints 
The deflected shape of the 3D model with biaxial corner connections is plotted in the three planes at 
the time corresponding to the peak lateral displacement of each ground motion in Figure 6-18 at same 
scale. The deflected shape was plotted at the highest intensity level of each ground motion. 
(a) El-Centro ground motion at 3.44 seconds 
 
x-z plane                                         x-y plane                                  y-z plane 
(b) AL-Aqaba ground motion at 21.66 seconds 
 
x-z plane                                         x-y plane                                     y-z plane 
(c) L’Aquila ground motion at 3.55 seconds 
 
x-z plane                                         x-y plane                                     y-z plane 
Figure 6-18 The deflected shapes of the regular 3-storey structure at the peak lateral displacement under (a)El-
Centro, (b)AL-Aqaba and (c) L’Aqila ground motions. 
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It is clear from the deflected shape that the lateral displacement is most critical under AL-Aqaba and 
El-Centro ground motions. In addition, the EW lateral displacement is greater than the NS 
displacement in the below deflected shapes. This is also illustrated previously in Figure 6-4. The 
building is regular hence torsional effect is negligible.  
6.6  Regular-6-storey building 
A regular 6-storey building, which conforms to Eurocode-8:part1 (BSI, 2004b) structural regularity, 
as described in Chapter 5, is implemented into ADAPTIC (Izzuddin, 1991) and analysed using 
nonlinear time history analysis. The structure is simulated under various intensity levels under three 
different natural ground motions (i.e. El-Centro, AL-Aqaba and L’Aquila earthquakes). The structure 
was designed and detailed to be representative of non-ductile older-type RC buildings, which are 
seismically vulnerable where joint shear is made critical as described in Chapter 5. The identity of the 
members is illustrated in the floor plan in Figure 6-19 and the 3D model, implemented into ADAPTIC 
(Izzuddin, 1991), is shown in Figure 6-20. The labelling methodology explained in section 6.5 is 
adopted for this building. 
 
Figure 6-19 The structural plan of the regular 6-storey structure (dimensions in mm). 
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Figure 6-20 The 6-storey regular structure 3D model (3.5m floors height) 
6.6.1 The proposed envelope curve for the external connections 
As discussed previously, only the behaviour of external and corner connections is simulated in this 
study using spring elements. All other joints are modelled as rigid. Figure 6-21 (a), (b) and (c) shows 
the envelope curves of the corner and external connections, which were constructed based on the 
proposed envelope curve, described in Chapter 3. The implemented backbone curves are the same for 
the EW and NS corner connections since the connections are identical in the EW and the NS 
directions. The calculated joint shear strength of the external joints is greater than that of the corner 
joints because the greater effective width of the external joints. Furthermore, the calculated joint shear 
strength of the exterior connections at the first three floors, shown in Figure 6-21 (b), is greater than 
that at the 4
th
, 5
th
 and 6
th
 floor, depicted in Figure 6-21 (c), because the effective width of the external 
joints is greater at the lower floors due to the greater column width. 
.  
(a)                                                            (b)                                                          (c) 
Figure 6-21 The implemented envelope curve for (a) the four corner connections (b) the exterior connections at the 
1st, 2nd, and 3rd floor, (c) the exterior connections at the 4th, 5th and 6th floor.
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6.6.2 Structure Vulnerability measured by its Storey drift 
Structural vulnerability assessment is evaluated in this section as a function of the maximum storey 
drift. The maximum EW and NS storey drifts obtained from the nonlinear analysis were compared to 
the suggested collapse drift capacity of 2.8%, which is based on a review of experimental data 
available in the literature as explained earlier. Building collapse is considered likely at drifts greater 
than the suggested 2.8% collapse drift limit.  
6.6.2.1 Storey drift at maximum intensity level 
The maximum EW and NS storey drifts are evaluated in Figure 6-22 for the 3D model using rigid, 
uniaxial, and biaxial connections at the highest intensity level of each ground motion. Figure 6-22 
shows that the intensity of ground motion at which the NLFEA failed to converge was 0.4g for El-
Centro, 0.5g for AL-Aqaba and 1.2g for L’Aquila. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure 6-22 The peak storey drifts at the maximum ground acceleration in the regular 6-storey structure at the 4th 
floor level under (a) El-Centro, (b) AL-Aqaba motions and at the 6th floor level under (c) L’Aquila ground motions. 
0.00%
1.00%
2.00%
3.00%
4.00%
5.00%
6.00%
EW inter-storey drift
rigid connections
uniaxial connections
biaxial connectiions
2.8%
collapse
limit
0.00%
1.00%
2.00%
3.00%
4.00%
5.00%
6.00%
NS inter-storey drift
rigid connections
uniaxial connections
biaxial connections
2.8% collapse limit
0.00%
1.00%
2.00%
3.00%
4.00%
5.00%
6.00%
EW inter-storey drift
rigid connections
uniaxial connections
biaxial connectiions
2.8%
collapse
limit
0.00%
1.00%
2.00%
3.00%
4.00%
5.00%
6.00%
NS inter-storey drift
rigid connections
uniaxial connections
biaxial connections
2.8% collapse limit
0.00%
1.00%
2.00%
3.00%
4.00%
5.00%
6.00%
EW inter-storey drift
rigid connections
uniaxial connections
biaxial connectiions
2.8%
collapse
limit
0.00%
1.00%
2.00%
3.00%
4.00%
5.00%
6.00%
NS inter-storey drift
rigid connections
uniaxial connections
biaxial connections
2.8% collapse limit
CHAPTER 6                                                                  Numerical Simulation of Space Structures  
238 
 
 
Most of the conclusions described previously for the regular-3 storey building also apply to the 
regular-6 storey building. As before, the EW storey drift is greater than the NS storey drift for all the 
analyses. Unlike El-Centro and AL-Aqaba motions which have several peaks, L’Aquila ground 
motion has one peak producing less damage, and lower storey drift 
The peak drifts occurred at the fourth floor level under the El-Centro and Al-Aqaba ground motions 
and at the sixth floor under the L’Aquila ground motion. The greatest storey drift occurs in the EW 
direction for biaxial corner connections under El-Centro. The corresponding maximum EW storey 
drift ratio is 5.61% with biaxial connections followed by 5.47% with uniaxial connections and 5.32% 
with rigid connections. The maximum EW storey drift is greater than the proposed collapse drift limit 
for all models. However, the NS storey drift is not critical. The maximum NS drift is 2.6% with 
biaxial connections followed by 2.59% using uniaxial connections and 2.57% with rigid connections 
under L’Aquila ground motion.  
The maximum EW storey drift measured with biaxial corner connections is 6% greater than that 
calculated with rigid connections and 2.6 % greater than the uniaxial connections. Changing the 
modelling of corner connections from uniaxial to biaxial has little effect on storey drift as for the 
regular 3-storey building. 
6.6.2.2 Storey drift under several levels of ground motion intensities 
This section examines the storey drifts that occur as the structural response progresses from elastic to 
the collapse point. Figure 6-23 demonstrates the storey drifts for the regular 6-storey building 
measured under several intensity levels of each ground motion. The graphs compare the drifts 
obtained from the three implemented ground motions (i.e. El-Centro, AL-Aqaba and L’Aquila) for the 
rigid, uniaxial and biaxial analyses. 
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(a) El-Centro ground motion 
 
(b) AL-Aqaba ground motion 
 
(c) L’Aquila ground motion 
 
Figure 6-23 Storey drift vs ground acceleration for the regular 6-storey structure under (a) El-Centro, (b) AL-Aqaba 
and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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6.6.3 The Dynamic capacity of the structure 
The global performance of the structure under seismic loading can be assessed using the dynamic 
capacity curve, which is the dynamic equivalent of the static pushover analysis as explained earlier. 
The dynamic capacity curve of Column 1, depicted in Figure 6-19, is evaluated using rigid, uniaxial 
and biaxial connections in Figure 6-24 (a), (b), and (c) under El-Centro, AL-Aqaba and L’Aquila 
ground motions respectively. The dynamic capacity curve is also plotted in Figure 6-25 for the other 
corner columns. 
 
                       (a)                                                                         (b)                                                                 (c)                        
Figure 6-24 Base shear vs maximum displacement at the top of the corner Column1 in the regular 6-storey structure 
under (a) El-Centro, (b) AL-Aqaba and (c) L’Aquila ground motions using rigid, uniaxial and biaxial connections. 
The maximum lateral displacement measured in the regular 6-storey structure is almost double the 
lateral displacement calculated in the regular 3-storey building. The lateral displacement is more 
critical in high-rise buildings during seismic events. 
The rigidly jointed frame has greater base shear and lower lateral displacement than the frames 
analysed with flexible connections. The predicted peak base shear with rigid connections is 
approximately 27% greater than that estimated using flexible connections under El-Centro ground 
motion. The maximum lateral displacement with biaxial connections is 11% greater than that 
predicted with rigid connections. 
Biaxial corner connections provide the structure with additional flexibility producing a slight 
increment in the lateral displacement of the structure and a small reduction in base shear as depicted 
in Figure 6-24. 
The dynamic capacity curve is influenced significantly by the nature of the ground motion. The peak 
base shear with L’Aquila ground motion is 42% greater than that calculated with El-Centro motion 
while the lateral displacement under L’Aquila ground motion is reduced to half that obtained with El-
Centro. The nature of the ground motion explains this difference as discussed earlier in Section 5.13 
of Chapter 5. 
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The dynamic capacity curve is evaluated in Figure 6-25 (a), (b), and (c) for the four corner columns 
(1, 4, 17, and 20) under El-Centro, AL-Aqaba, and L’Aquila ground motions respectively using rigid, 
uniaxial, and biaxial connections. The response of the four corner columns is very similar under each 
ground motion because the load distribution is similar at the four corner columns in the regular 
buildings promoting a similar response at the corner columns. 
(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure 6-25 Base shear vs maximum displacement at the top corner columns in the regular 6-storey structure corner 
columns under (a) El-Centro, (b) AL-Aqaba and (c) L’Aquila motions using rigid, uniaxial and biaxial connections. 
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6.6.4 The local response of the uniaxial and biaxial corner connections 
The response of corner connections subjected to uniaxial and biaxial loading is investigated in this 
section at the maximum imposed ground motion intensity corresponding to the building collapse. The 
implemented envelope curve of the uniaxial and biaxial corner connections is shown in Figure 6-21. 
Furthermore, the implemented parameters for the uniaxial and biaxial joint models are listed in Table 
6-3. As discussed earlier, a collapse rotation limit of 0.028 is used in this section to assess connection 
vulnerability. The proposed collapse rotation limit (joint shear failure limit) is shown in Figure 6-26 to 
Figure 6-29 for Joint 4 and 20. 
Table 6-3 The implemented parameters in the corner connections of the regular 6-storey building.  
1
st
 diagonal 
shear 
strength  
(N.mm) 
Ultimate 
shear 
strength 
(N.mm) 
Elastic 
stiffness 
(N.mm/rad) 
Plastic 
stiffness 
(N.mm/rad) 
Softening 
stiffness 
(N.mm/rad) 
Stiffness 
degradation 
parameter (α) 
Pinching 
parameter 
(β)  
2.90E+08    3.22E+08    5.80E+10    1.84E+09    0   5  0.3 
Strength 
degradation 
parameter 
ε   Strength 
degradation 
parameter 
for energy 
δ   Strength 
degradation 
for 
displacement 
 
Ultimate 
positive 
rotation 
(rad) 
Ultimate 
positive 
rotation for 
strength 
degradation 
(???? (rad) 
ρ interaction 
parameter 
which limit 
interaction 
surface 
biaxial 
degradation 
parameters 
µ 
0.1 15 1.5    0.1  0.0525 0.65 0.1 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure 6-26 Joint 4 EW and NS response in the regular 6-storey building at the third floor under (a) El-Centro, (b) 
AL-Aqaba and (c) L’Aquila ground motions respectively using uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure 6-27 Joint 4 EW and NS response in the regular 6-storey building at the fourth floor under (a) El-Centro, (b) 
AL-Aqaba and (c) L’Aquila ground motions respectively using uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure 6-28 Joint 20 EW and NS response in the regular 6-storey building at the third floor under (a) El-Centro, (b) 
AL-Aqaba and (c) L’Aquila ground motions respectively using uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure 6-29 Joint 20 EW and NS response in the regular 6-storey building at the fourth floor under (a) El-Centro, (b) 
AL-Aqaba and (c) L’Aquila ground motions respectively using uniaxial and biaxial connections. 
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The response of the most critical corner connections is evaluated in this section for the uniaxial and 
biaxial analyses under the peak intensity level of ground motion. The connections located at the third 
and fourth floor are most critical. Figure 6-26 to Figure 6-29 illustrate the EW and NS response of the 
corner connections 4 and 20 respectively simulated using the uniaxial and the biaxial joint models at 
the third and fourth floor.   
The EW direction is more critical than the NS direction for both the uniaxial and biaxial analyses. The 
biaxially modelled corner connections experience higher rotational deformation and have lower shear 
strengths than uniaxially modelled corner connections. Some corner joints exceed the proposed 
collapse rotation limit in the biaxial analysis but are below the limit in the uniaxial analysis. For 
example, the rotation in the EW direction of the biaxial corner Joints 4 and 20 at the third floor 
exceeds the collapse rotation limit under L’Aquila ground motion. The same joints are still below the 
collapse limit in the uniaxial analysis as shown in Figure 6-26 (c) and Figure 6-28 (c). Furthermore, 
the third floor biaxial rotation of Joint 20, depicted in Figure 6-28 (c), is approximately 2.7 times the 
uniaxial rotation. Corner connections in 3D framed structures are subjected to biaxial loading hence 
the response of corner connections evaluated with the biaxial analysis is most realistic. The influence 
of change the corner joint modelling from uniaxial to biaxial is much more significant for joint 
rotations than storey drift. 
6.6.5 Comparison of beam shear force and chord rotation demands with Eurocode 
capacities 
The influence of joint modelling on the calculated performance of beams is investigated in this 
section. The demand shears and chord rotations, obtained from the nonlinear analysis,  are compared 
with capacities calculated with Eurocode-2 (BSI, 2004a) and Eurocode-8:part3 (BSI, 2005) 
respectively. The comparison gives insight into the members that are most likely to fail during seismic 
events.  
The demand/capacity ratios were evaluated for all the members at all floors for the rigid, uniaxial, and 
biaxial analysis. The resulting shear demand/capacity ratios at the maximum imposed ground motion 
intensity for the El-Centro, AL-Aqaba, and L’Aquila ground motions are illustrated in Figure 6-30 at 
the first floor, which is the most critical floor under shear. Furthermore, the chord rotation 
demand/capacity ratios for beams located at the third floor, the most critical floor under flexure, is 
calculated in Figure 6-31 under the El-Centro, AL-Aqaba and L’Aquila ground motions. Results for 
the other members are presented in Appendix B. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure 6-30 First floor beams’ vertical demand/capacity shear ratio in the regular 6-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure 6-31 Third floor beams biaxial demand/capacity ultimate chord rotation ratio in the regular 6-storey building 
under (a) El-Centro, (b) AL-Aqaba and (c) L’Aquila ground motions using rigid, uniaxial and biaxial joints. 
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The beam shear demands are mainly below the shear resistances calculated with Eurocode-2 (BSI, 
2004a) and hence beam shear failure is seldom critical. The greatest shear demand was obtained with 
rigid connections and the lowest with biaxial connections. As explained earlier, the 3D model with 
rigid connections is stiffer than the uniaxial and biaxial models while the most flexible behaviour was 
obtained with biaxial connections (see Figure 6-30). Furthermore, the greatest deformation was 
obtained with biaxial connections as shown in Figure 6-24. Consequently, the greatest demand 
rotations in Figure 6-31 were developed in the beams with the biaxial connection frame.  
Some beams have exceeded their rotational capacity with uniaxial and biaxial connections in the 
models simulated under AL-Aqaba and El-Centro ground motion. The reinforcement bars in these 
beams, which are connected to the corner connections, remained elastic at the edge connected to the 
corner joint while they exceeded their yield strength capacity at the other edge connected to the rigid 
joint. This indicates that joint shear failure happened at corner connections. The excessive demand 
rotations due to beam yielding at the rigid connections edge have significant influence on the storey 
drift shown in Figure 6-22 where the highest storey drift is depicted under AL-Aqaba and El-Centro 
motions. 
6.6.6 Comparison of column shear and chord rotation demands with Eurocode 
capacities 
This section summarises the influence of joint modelling on the calculated response of columns. The 
demand shear and chord rotations are compared with capacities calculated in accordance with the 
Eurocode 2 and 8 respectively. The resulting shear and rotation demand/capacity ratios at the 
maximum imposed ground motion intensity in columns are illustrated in Figure 6-32 and Figure 6-33 
at the first floor, which is the most critical for columns in shear and flexure. Results for the other 
members are presented in Appendix B. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure 6-32 First floor columns’ biaxial demand/capacity shear ratio in the regular 6-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
  
Figure 6-33 First floor columns biaxial demand/capacity ultimate chord rotation ratio in the regular 6-storey building 
under (a) El-Centro, (b) AL-Aqaba and (c) L’Aquila ground motions using rigid, uniaxial and biaxial joints. 
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Figure 6-32 (a), (b) and (c) show that the shear demand exceeds the shear resistance for some columns 
located at the first floor. The shear demand is approximately double the shear capacity in some 
columns evaluated under L’Aquila ground motion.  
The implemented ground motion has a significant effect on the predicted shear demand which 
exceeds the available resistance under L’Aquila and AL-Aqaba ground motion but not El-Centro. By 
contrast, the maximum rotations are obtained in the columns simulated under El-Centro ground 
motion and the minimum evaluated under L’Aquila ground motion. The peak applied acceleration 
intensity under L’Aquila motion is significantly greater than that in the other motions due to the 
nature of ground motion as discussed earlier in Section 5.13 of Chapter 5. Less dissipative energy and 
less lateral displacements are associated with L’Aquila ground motion. 
Due to the additional deformation developed in corner connections, higher demand rotations are 
obtained in some columns shown in Figure 6-33 while the reinforcement remained elastic in all 
columns at all floors. The influence of biaxial connections is more visible in beams shown in Figure 
6-31 than columns.  
6.6.7 Summary for biaxial connections effect 
This section summarises the influence of modelling corner connections biaxially on the member chord 
rotation and shear demand. The ratios between the demand rotations predicted using the biaxial and 
uniaxial connections are illustrated in Figure 6-34 (a) and (b) for beams and columns respectively. 
The maximum and the minimum ratios are evaluated for all the members at all floors. Furthermore, 
the maximum and the minimum values of the biaxial/uniaxial shear demand ratio is illustrated in 
Figure 6-35 (a) and (b) for beams and columns respectively. The definition of the maximum and 
minimum values was explained in section 6.5.7. 
  
(a)                                                                                     (b) 
Figure 6-34 Biaxial connections’ influence on (a) beams and (b) columns chord rotation with respect to the uniaxial 
connections. 
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Mainly the beams framing into corner columns in frames with biaxially modelled corner connections 
are subjected to significantly greater rotational deformations and hence damage than beams in frames 
with uniaxially modelled corner joints. The greatest increment in rotation is 92% in beam 4, framing 
into corner Column 4, at the fourth floor, presented in Appendix B, under the El-Centro ground 
motion. The maximum increment in rotation is 20% for columns. The influence of biaxial connections 
on the demand rotations of beams and columns is more visible in the regular 6-storey building than 
the regular 3-storey building where the demand rotation has increased up to 18% in beams and 6% in 
columns in the 3 storey building.  
Biaxial connections provide the structure with extra flexibility that reduces the shear demand of the 
members. The maximum shear demand in some beams framing into corner columns reduced by 29%, 
compared with the uniaxial case, when corner joints were modelled biaxially. The corresponding 
reduction in shear demand was 22 % for the columns.  
  
(a)                                                                                                         (b) 
Figure 6-35 Biaxial connections influence on (a) beams and (b) columns shear resistance with respect to the uniaxial 
connections. 
6.6.8 The deflected shape of the regular 6-storey building using biaxial joints 
The deflected shape of the regular 6-storey building with biaxial corner connections is plotted in three 
orthogonal planes at the peak lateral displacement of each ground motion in Figure 6-36 at same 
scale. The deflected shape was plotted at the highest intensity level of each ground motion at the time 
corresponds to the peak lateral displacement. 
It is clear from the deflected shape that the lateral displacement is most critical for the El-Centro and 
AL-Aqaba ground motions. In addition, the EW lateral displacement is greater than the NS 
displacement. This is also illustrated previously in Figure 6-22. The building is regular hence torsional 
effect is negligible.  
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(a) El-Centro ground motion at 3.92 seconds 
 
x-z plane                                               x-y plane                                   y-z plane 
(b) AL-Aqaba ground motion at 21.24 seconds 
 
x-z plane                                               x-y plane                                   y-z plane 
(c) L’Aquila ground motion at 3.23 seconds 
 
x-z plane                                               x-y plane                                   y-z plane 
Figure 6-36 The deflected shapes of the regular 6-storey structure at the peak lateral displacement under (a)El-
Centro, (b)AL-Aqaba and (c) L’Aquila ground motions. 
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6.7  Irregular-3-storey building 
The irregular 3-storey building described in Chapter 5 is analysed using nonlinear time history 
analysis under three different natural ground motions (i.e. El-Centro, AL-Aqaba and L’Aquila 
earthquakes). The structure was designed and detailed to be representative of non-ductile older-type 
RC buildings which are seismically vulnerable. As described in Chapter 5, the structure was designed 
and detailed to make joint shear failure critical. The structural plans, shown in Figure 6-37, depict the 
identity of the beams and columns located at the first, second and third floor. The labelling 
methodology explained in section 6.5 is adopted for this building. The 3D model that was used to 
represent the 3-storey irregular building is shown in Figure 6-38.  
 
Figure 6-37 The structural plan of the irregular 3-storey structure (dimensions in mm). 
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Figure 6-38 The 3D model of the irregular 3-storey building (3.5m floors height). 
6.7.1 The proposed envelope curve for the external connections 
The current study simulated the behaviour of external and corner beam column connections only as 
explained earlier. All other beam column connections were modelled as rigid. The proposed envelope 
curve, described in Chapter 3, is used to construct the envelope curves of the corner and external 
connections illustrated in Figure 6-39.  
The implemented backbone curves for the EW corner and exterior connections, depicted in Figure 
6-39 (a), are the same since the aspect ratios and the width of the beam column connections are the 
same in the EW and the NS directions. The calculated NS shear strength of Joint 15 to Joint 21, 
depicted in Figure 6-39 (c), is greater than the NS shear strength of Joint 1 to Joint 7, shown in Figure 
6-39 (b), and the EW shear strength of all corner and exterior joints in Figure 6-39 (a). The joint 
envelope curve is defined through moments as described in Chapter 3 in section 3.7 where the joint 
moment is defined using the ultimate joint shear force and the section geometry (see equation 3.18 
and 3.19). Thus, smaller beams lengths produce greater joint moments. 
 
(a)                                                            (b)                                                          (c) 
Figure 6-39 Corner and exterior joints implemented envelope curves. 
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6.7.2 Structure Vulnerability measured by its Storey drift 
Structural vulnerability is evaluated in this section as a function of the maximum storey drift. This 
section illustrates the maximum EW and NS storey drifts at several intensity levels. The maximum 
EW and NS storey drifts obtained from the nonlinear analysis at the highest intensity level were 
compared to the suggested collapse drift capacity of 2.8%. 
6.7.2.1  Storey drift at the maximum intensity level 
The maximum EW and NS storey drifts are evaluated in Figure 6-40 for the 3D model using rigid, 
uniaxial, and biaxial connections at the peak imposed ground motion intensity which corresponds to 
building collapse. Figure 6-40 shows that the intensity of ground motion at which the NLFEA failed 
to converge was 0.6 for El-Centro and AL-Aqaba and 1.1g for L’Aquila. 
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(a) El-Centro ground motion using 0.6g 
  
(b) AL-Aqaba ground motion using 0.6g 
  
(c) L’Aquila ground motion using 1.1g 
  
Figure 6-40 The peak drifts at the maximum ground acceleration in the irregular 3-storey structure at the second 
floor level  under (a) El-Centro, (b) AL-Aqaba and (c) L’Aquila motions using rigid, uniaxial and biaxial joints. 
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The peak drifts are developed at the second floor level in the all models simulated under El-Centro, 
Al-Aqaba and L’Aquila ground motions. The EW and NS maximum storey drift is greater than the 
proposed collapse drift limit (2.8%) in the buildings analysed under El-Centro and L’Aquila ground 
motion. The difference between the maximum EW and NS storey drifts is relatively low compared to 
that evaluated in the regular buildings. This depends on the imposed loading, the geometry, the 
stiffness of the structure and torsional effect. Torsional effect can change the stiffness and the 
deformation in the structure owing to the response depicted in Figure 6-40. 
The greatest storey drift occurs in the EW direction for biaxial corner connections under L’Aquila 
ground motion. The corresponding maximum EW storey drift ratio is 5% with biaxial and uniaxial 
corner connections followed by 4.52% with rigid connections. The maximum NS storey drift 
evaluated under El-Centro ground motion with uniaxial connections is 3.74% followed by 3.66% 
using biaxial connections and 3.25% with rigid connections.  
The maximum EW storey drift in the 3D model analysed using biaxial and uniaxial corner 
connections is 10.6% greater than that with rigid connections. The difference between the maximum 
storey drifts calculated for the biaxial and uniaxial analyses is relatively low. 
 
6.7.2.2 Storey drift under several levels of ground motion intensities 
The storey drift of the irregular 3-storey building is evaluated in Figure 6-41 under several intensity 
levels of ground motion allowing the structure to progress from elastic to nonlinear behaviour 
followed by structural collapse. The graph compares between the responses obtained under the three 
implemented ground motions (i.e. El-Centro, AL-Aqaba and L’Aquila) using rigid, uniaxial and 
biaxial analyses. 
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(a) El-Centro ground motion 
 
(b) AL-Aqaba ground motion 
 
(c) L’Aquila ground motion 
 
Figure 6-41 Storey drift vs ground acceleration for the irregular 3-storey structure under (a) El-Centro, (b) AL-
Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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6.7.3 The Dynamic capacity of the structure 
The global performance of the structure is investigated in this section as a function of its dynamic 
capacity curve, which is the dynamic equivalent of the static pushover analysis as explained earlier. 
The dynamic capacity curve of Column 1, depicted in Figure 6-37, is presented in Figure 6-42 (a), (b), 
and (c) under El-Centro, AL-Aqaba and L’Aquila ground motions respectively with rigid, uniaxial 
and biaxial connections. 
 
                       (a)                                                                         (b)                                                                     (c)                        
Figure 6-42 Base shear vs maximum displacement at the top of the corner Column1 in the irregular 3-storey 
structure under (a) El-Centro, (b) AL-Aqaba and (c) L’Aquila motions using rigid, uniaxial and biaxial connections. 
The predicted response is stiffest when evaluated using rigid connections. Consequently, higher 
internal forces develop in the beams and columns of the rigidly jointed frame causing a higher base 
shear. The predicted peak base shear with rigid connections is approximately 24% greater than that 
estimated with flexible connections under El-Centro ground motion. The maximum lateral 
displacement with biaxial connections is 15% greater than that with rigid connections. The global 
biaxial and uniaxial responses are similar with a slight reduction in the global stiffness depicted in the 
buildings simulated under Al-Aqaba motion using biaxial corner connections. 
As mentioned earlier, the dynamic capacity curve is influenced by the nature of the ground motion. 
The response is stiffest when simulated using AL-Aqaba ground motion where the base shear is 
relatively greater and the lateral displacement is lower than that evaluated in the other motions. 
The dynamic capacity curve is shown for the other corner columns in Figure 6-43 (a), (b), and (c) 
under El-Centro, AL-Aqaba and L’Aquila ground motions respectively for the rigid, uniaxial and 
biaxial analyses. The response of the two corner columns 1 and 4 is very similar in the irregular 
building and differs from the other two corner columns 15 and 18. The load distribution and the 
geometry of the buildings are not the same at the four corner columns in the irregular buildings 
promoting to a different response at the corner columns. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.6g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure 6-43 Base shear vs maximum displacement at the top corner columns in the irregular 3-storey structure 
corner columns  under (a) El-Centro, (b) AL-Aqaba and (c) L’Aquila motions using rigid, uniaxial and biaxial joints. 
6.7.4 The local response of the uniaxial and biaxial corner connections 
The local response of corner connections subjected to uniaxial and biaxial loading is investigated at 
the maximum imposed ground motion intensity corresponding to the building collapse. The 
implemented envelope curves of the uniaxial and biaxial corner connections are shown in Figure 6-39. 
Furthermore, the implemented parameters for the uniaxial and biaxial joint models are listed in Table 
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6-4 to Table 6-6. As discussed earlier, a recommended joint shear failure limit of 0.028 is proposed 
and is depicted in Figure 6-44 which illustrates the response of Joint 4. 
Table 6-4 The implemented parameters in the EW corner connections in the irregular 3-storey building. 
1
st
 diagonal 
shear 
strength  
(N.mm) 
Ultimate 
shear 
strength 
(N.mm) 
Elastic 
stiffness 
(N.mm/rad) 
Plastic 
stiffness 
(N.mm/rad) 
Softening 
stiffness 
(N.mm/rad) 
Stiffness 
degradation 
parameter (α) 
Pinching 
parameter 
(β)  
2.76E+08    3.07E+08    5.52E+10    1.75E+09    0   5  0.3 
Strength 
degradation 
parameter 
ε   Strength 
degradation 
parameter 
for energy 
δ   Strength 
degradation 
for 
displacement 
 
Ultimate 
positive 
rotation 
(rad) 
Ultimate 
positive 
rotation for 
strength 
degradation 
(???? (rad) 
ρ interaction 
parameter 
which limit 
interaction 
surface 
biaxial 
degradation 
parameters 
µ 
0.1 15 1.5    0.1  0.0525 0.65 0.1 
 
Table 6-5 The implemented parameters in the NS corner connections 1 and 7 in the irregular 3-storey building. 
1
st
 diagonal 
shear 
strength  
(N.mm) 
Ultimate 
shear 
strength 
(N.mm) 
Elastic 
stiffness 
(N.mm/rad) 
Plastic 
stiffness 
(N.mm/rad) 
Softening 
stiffness 
(N.mm/rad) 
Stiffness 
degradation 
parameter (α) 
Pinching 
parameter 
(β)  
3.00E+08 3.34E+08 6.01E+10 1.91E+09 0   5  0.3 
Strength 
degradation 
parameter 
ε   Strength 
degradation 
parameter 
for energy 
δ   Strength 
degradation 
for 
displacement 
 
Ultimate 
positive 
rotation 
(rad) 
Ultimate 
positive 
rotation for 
strength 
degradation 
(???? (rad) 
ρ interaction 
parameter 
which limit 
interaction 
surface 
biaxial 
degradation 
parameters 
µ 
0.1 15 1.5    0.1  0.0525 0.65 0.1 
 
Table 6-6 The implemented parameters in the NS corner connections 15 and 21 in the irregular 3-storey building. 
1
st
 diagonal 
shear 
strength  
(N.mm) 
Ultimate 
shear 
strength 
(N.mm) 
Elastic 
stiffness 
(N.mm/rad) 
Plastic 
stiffness 
(N.mm/rad) 
Softening 
stiffness 
(N.mm/rad) 
Stiffness 
degradation 
parameter (α) 
Pinching 
parameter 
(β)  
3.20E+08 3.56E+08 6.40E+10 2.03E+09 0   5  0.3 
Strength 
degradation 
parameter 
ε   Strength 
degradation 
parameter 
for energy 
δ   Strength 
degradation 
for 
displacement 
 
Ultimate 
positive 
rotation 
(rad) 
Ultimate 
positive 
rotation for 
strength 
degradation 
(???? (rad) 
ρ interaction 
parameter 
which limit 
interaction 
surface 
biaxial 
degradation 
parameters 
µ 
0.1 15 1.5    0.1  0.0525 0.65 0.1 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.6g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure 6-44 Joint 4 EW and NS response in the irregular 3-storey building second floor under (a) El-Centro, (b) AL-
Aqaba and (c) L’Aquila ground motions respectively using uniaxial and biaxial connections. 
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The local response of Joint 4, which is one of the most critical corner connections, is evaluated in 
Figure 6-44 for the uniaxial and biaxial analyses at the peak intensity level of each ground motion. 
Joint shear failure occurred at the corner joints of all floors. Unlike the regular buildings, the EW and 
NS directions are both critical for Joint 4 in the uniaxial and biaxial analyses. This depends on the 
ground motion, building geometry, the global stiffness of the structure and torsion effect. The EW and 
NS drifts are also critical for this irregular building as investigated in the previous section. 
Corner joints simulated with the biaxial analysis are more critical than that with the uniaxial analysis. 
As mentioned earlier, biaxial corner connections experience slightly greater rotational deformation 
and lower shear strength than uniaxial connections. For example, the rotation in the NS direction of 
the biaxial corner Joint 4, located at the second floor is marginally greater than the collapse rotation 
limit under El-Centro ground motion while it is lower than that limit when modelled uniaxially. 
Furthermore, the same joint experiences significant loss in the NS shear strength under L’Aquila 
ground motion when modelled biaxially. 
6.7.5 Comparison of beam shear force and chord rotation demands with Eurocode 
capacities 
The influence of joint modelling on the calculated performance of beams is investigated in this 
section. The demand shears and chord rotations, obtained from the nonlinear analysis,  are compared 
to capacities calculated using Eurocode-2 (BSI, 2004a) and Eurocode-8:part3 (BSI, 2005)  
respectively.  
The resulting shear demand/capacity ratios at the maximum imposed ground motion intensity for the 
El-Centro, AL-Aqaba, and L’Aquila ground motions are illustrated in Figure 6-45 at the first floor, 
which is the most critical floor for beams under shear. The second floor is the most critical floor for 
beams under flexure and the chord rotation demand/capacity ratios are shown in Figure 6-46. Results 
for the other members are presented in Appendix B.  
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.6g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure 6-45 First floor beams’ vertical demand/capacity shear ratio in the irregular 3-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.6g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure 6-46 2nd floor beams’ biaxial demand/capacity ultimate chord rotation ratio in the irregular 3-storey building 
under (a) El-Centro, (b) AL-Aqaba and (c) L’Aquila ground motions using rigid, uniaxial and biaxial joints 
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The shear demand in beams, depicted in Figure 6-45,  is below the shear resistance proposed by 
Eurocode-2 (BSI, 2004a) and hence beam shear failure is seldom critical under seismic loading. The 
response is stiffest when evaluated using rigid joints resulting in higher shear demands. 
Furthermore, Figure 6-46 illustrates the chord rotation demand/capacity ratios for beams located at the 
second floor with the rigid, uniaxial, and biaxial analyses. Beam 3, depicted in Figure 6-37, exceeded 
its rotational capacity with the uniaxial and biaxial analyses simulated under L’Aquila ground motion 
as shown in Figure 6-46 (c). The reinforcement bars in Beam 3, which is connected to the corner 
connection, remained elastic at the edge connected to the corner joint while it exceeded its yield 
strength capacity at the other edge connected to the rigid joint. This indicates that joint shear failure 
occurred at corner connections.  
As mentioned earlier, the selected ground motion has significant effect on the demand rotations of the 
members. Beam 3 exceeded its rotational capacity under L’Aquila ground motion while the 
reinforcement remained elastic under AL-Aqaba and El-Centro ground motion.  
6.7.6 Comparison of column shear and chord rotation demands with Eurocode 
capacities 
This section summarises the influence of joint modelling on the calculated response of columns. The 
demand shear force and chord rotations are compared with capacities calculated in accordance with 
Eurocode 2 and 8 respectively. The resulting shear and rotation demand/capacity ratios at the 
maximum ground motion intensity are illustrated in Figure 6-47 and Figure 6-48 at the first floor, 
which is the most critical floor for columns under shear and flexure. Results for the other members are 
presented in Appendix B. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.6g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure 6-47 First floor columns’ biaxial demand/capacity shear ratio in the irregular 3-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.6g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure 6-48 1st floor columns’ biaxial demand/capacity ultimate chord rotation ratio in the irregular 3-storey building 
under (a) El-Centro, (b) AL-Aqaba and (c) L’Aquila ground motions using rigid, uniaxial and biaxial joints. 
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The shear demand exceeds the shear resistance in some columns located at the first floor as depicted 
in Figure 6-47. The demand rotations of the columns, shown in Figure 6-48, calculated from the 
uniaxial and the biaxial analyses are fairly similar. The influence of biaxial corner connections is 
more visible in beams depicted in Figure 6-45 and Figure 6-46 than columns. The reinforcement 
remained elastic at all columns during the analysis. 
6.7.7 Summary for biaxial connections effect 
This section summarises the influence of biaxially modelled corner connections on chord rotation and 
shear demand. The ratio between the demand rotations predicted using the biaxial and uniaxial 
connections is illustrated in Figure 6-49 (a) and (b) for beams and columns respectively. The 
maximum and the minimum ratios are evaluated for all the members at all floors. Furthermore, the 
maximum and the minimum values of the biaxial/uniaxial shear demand ratio is illustrated in Figure 
6-50 (a) and (b) for beams and columns respectively. The definition of the maximum and minimum 
values was explained in section 6.5.7. 
  
(a)                                                                                                         (b) 
Figure 6-49 Biaxial connections’ influence on (a) beams and (b) columns chord rotation with respect to the uniaxial 
connections. 
As mentioned earlier, mainly the beams framing into corner columns in fames with biaxially modelled 
corner connections are subjected to significantly greater rotational deformations and hence damage 
than beams in frames with uniaxially modelled corner joints. The influence of modelling connections 
biaxially is greatest for beams where a maximum increment of 45% occurred under AL-Aqaba ground 
motion. The corresponding increment reduces to 11% for columns. 
The maximum shear demand in some beams framing into corner columns reduced by 22%, compared 
with the uniaxial case, when corner joints were modelled biaxially. This reduction is also significant 
in columns where a maximum of 27 % loss is depicted with biaxial connections.  
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(a)                                                                                                         (b) 
Figure 6-50 Biaxial connections’ influence on (a) beams and (b) columns shear resistance with respect to the uniaxial 
connections. 
 
6.7.8 The deflected shape of the irregular 3-storey building using biaxial joints 
The deflected shape of the irregular 3-storey building with biaxial corner connections is depicted in 
Figure 6-51 in three orthogonal planes under the peak lateral displacement of each ground motion at 
same scale. The deflected shape was plotted at the highest intensity level of each ground motion at the 
time corresponds to the peak lateral displacement. 
It is clear from the deflected shapes that the lateral displacement is greatest for the L’Aquila and El-
Centro ground motions. Torsion is obvious in the x-z and x-y planes due to the structure’s irregularity 
and is most adverse under El-Centro and L’Aquila ground motions. 
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(a) El-Centro ground motion at 12.28 seconds 
 
 
x-z plane                                               x-y plane                                       y-z plane 
(b) AL-Aqaba ground motion at 20.04 seconds 
 
 
x-z plane                                               x-y plane                                       y-z plane 
(c) L’Aquila ground motion at 4.53 seconds 
 
 
x-z plane                                               x-y plane                                       y-z plane 
Figure 6-51 The deflected shapes of the irregular 3-storey structure at the peak lateral displacement under (a)El-
Centro, (b)AL-Aqaba and (c) L’Aquila ground motions. 
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6.8  Irregular-6-storey building 
An irregular 6-storey building, which does not conform to Eurocode-8:part1 (BSI, 2004b) structural 
regularity is analysed using nonlinear time history analysis under three different natural ground 
motions (i.e. El-Centro, AL-Aqaba and L’Aquila earthquakes). The structure was designed and 
detailed to make joint shear failure critical, as described in Chapter 5, to be representative of non-
ductile older-type RC buildings which are seismically vulnerable. The identity of the members is 
shown in Figure 6-52. The labelling methodology explained in section 6.5 is adopted for this building. 
The 3D model, implemented into ADAPTIC (Izzuddin, 1991), is shown in Figure 6-53. 
 
 
Figure 6-52 The structural plan of the irregular 6-storey structure (dimensions in mm). 
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Figure 6-53 The 6-storey irregular structure 3D model (3.5m floors height) 
6.8.1 The proposed envelope curve for the external connections 
As explained earlier, only the behaviour of external and corner connections is simulated in this study 
using spring elements. All other beam column joints are modelled as rigid. The envelope curves 
shown in Figure 6-54 (a), (b) and (c) were implemented for the corner and external connections. 
The implemented backbone curves for the EW corner and exterior connections, depicted in Figure 
6-54 (a), are the same since the aspect ratios and the width of the beam column connections are the 
same in the EW and the NS directions. The envelope curves for the NS corner and exterior 
connections are shown in Figure 6-54 (b) and (c). 
 
(a)                                                            (b)                                                          (c) 
Figure 6-54 Corner joints implemented envelope curve. 
 
CHAPTER 6                                                                  Numerical Simulation of Space Structures  
277 
 
6.8.2 Structure Vulnerability measured by its Storey drift 
Structural vulnerability is assessed in this section as a function of the maximum storey drift. The 
maximum EW and NS storey drifts obtained from the nonlinear analysis at the highest intensity level 
are compared with the suggested collapse drift capacity of 2.8%.  
6.8.2.1 Storey drift at maximum intensity level 
The maximum EW and NS storey drifts are evaluated in Figure 6-55 for the rigid, uniaxial, and 
biaxial analyses at the highest intensity level of each ground motion. Figure 6-55 shows that the 
intensity of ground motion at which the NLFEA failed to converge was 0.4g for El-Centro and AL-
Aqaba and 1.1g for L’Aquila. These particular buildings suffered significantly from torsion before 
collapse as shown in the deflected shapes presented in Section 6.8.8. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure 6-55 The peak drifts at the maximum ground acceleration in the irregular 6-storey structure at the 6th floor 
levels under(a) El-Centro,(b) AL-Aqaba and (c)L’Aquila motions using rigid, uniaxial and biaxial joints. 
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Unlike the regular buildings, the EW and NS drifts are both critical in this building due to the imposed 
loading, the geometry, the stiffness of the structure and torsional effect. Section 6.8.8 shows the 
deflected shapes of these buildings where the model simulated under AL-Aqaba motion using flexible 
connections suffered significantly from torsion in its plan and elevation, producing higher NS drifts as 
shown in Figure 6-55. The buildings simulated under El-Centro suffered from significant torsion 
along its elevation while those evaluated under L’Aquila ground motion suffered from torsion along 
the plan only. The current study reveals the significant effect of torsion in the irregular buildings 
under seismic loading which can change the magnitude and the direction of the lateral displacement 
and the storey drift. 
The peak drifts are the same at the fourth, fifth and sixth floor levels for the Al Aqaba ground motion. 
The peak drifts are the same at the fifth and sixth floor levels for the El-Centro and L'Aquila ground 
motions. All buildings exceeded the collapse limit in the EW and NS directions with flexible 
connections. The greatest storey drift of 6.33% is evaluated in the NS direction using biaxial corner 
connections under AL-Aqaba ground motion followed by 5.38% with uniaxial connections and 2.55% 
with rigid connections. However, the lowest EW storey drift is evaluated under AL-Aqaba motion 
with a corresponding maximum drift of 3.79% calculated with the biaxial analysis followed by 3.26% 
using the uniaxial analysis and 2.92% with the rigid analysis. The greater stiffness in the EW direction 
of the building simulated under Al-Aqaba motion limits its EW storey drift. 
The greatest EW storey drift is evaluated under L’Aquila ground motion with a corresponding 5% 
storey drift obtained with the rigid, uniaxial and biaxial analyses. The maximum NS drifts for the 
rigid analysis calculated under El-Centro and AL-Aqaba motions are marginally less than the 
proposed collapse drifts (2.8%). 
The greatest NS storey drift in the 3D model analysed with the biaxial analysis under Al-Aqaba 
motion is more than double that evaluated with the rigid analysis (i.e the NS storey drift with biaxial 
corner connections is 2.5 times that with rigid connections). Moreover, the calculated NS storey drift 
with the biaxial analysis is 17.7% greater than that evaluated with the uniaxial analysis. Biaxially 
modelled corner connections experience greatest damage inducing high rotational deformation 
especially with the presence of torsion.  
6.8.2.2 Storey drift under several levels of ground motion intensities 
The storey drift of the irregular 6-storey building is evaluated in Figure 6-56 under several intensity 
levels of each ground motion allowing the structure to progress from elastic to nonlinear behaviour 
followed by structural collapse. The graphs compare between the responses obtained using rigid, 
uniaxial and biaxial connections under the three implemented ground motions (i.e. El-Centro, AL-
Aqaba and L’Aquila). 
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(a) El-Centro ground motion 
 
(b) AL-Aqaba ground motion 
 
(c) L’Aquila ground motion 
 
Figure 6-56 Storey drift vs ground acceleration for the irregular 6-storey structure under (a) El-Centro, (b) AL-
Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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6.8.3 The Dynamic capacity of the structure  
The global performance of the structure is investigated in this section as a function of its dynamic 
capacity curve, which is the dynamic equivalent of the static pushover analysis as explained 
previously. The dynamic capacity curve of Column 1, depicted in Figure 6-52, is calculated in Figure 
6-57 (a), (b), and (c) with rigid, uniaxial, and biaxial connections under El-Centro, AL-Aqaba and 
L’Aquila ground motions respectively  
 
(a)                                                         (b)                                                               (c) 
Figure 6-57 Base shear vs maximum displacement at the top of the corner Column1 in the irregular 6-storey 
structure  under: (a) El-Centro, (b) AL-Aqaba and (c) L’Aquila motions using rigid, uniaxial and biaxial connections. 
The maximum lateral displacement calculated in the irregular 6-storey structure is almost double that 
in the irregular 3-storey building under AL-Aqaba ground motion. As found earlier for the regular 
buildings, lateral displacement under seismic loading is more critical in high- than low-rise buildings. 
As explained previously, the predicted response is stiffest when evaluated using rigid connections. 
Consequently, higher internal forces develop in the beams and columns of the rigidly jointed frame 
causing a higher base shear. The predicted peak base shear with rigid connections is approximately 
31% greater than that estimated with flexible connections under L’Aquila ground motion and 8% 
greater than that evaluated with flexible connections under AL-Aqaba ground motion. The maximum 
lateral displacement with biaxial connections is more than double that predicted with rigid 
connections under AL-Aqaba ground motion. 
Furthermore, the maximum lateral displacement calculated with the biaxial analysis is 19% greater 
than that evaluated with the uniaxial analysis under AL-Aqaba ground motion. The predicted peak 
base shear with the uniaxial analysis is 3% greater than that evaluated with the biaxial analysis.   
As mentioned earlier, the calculated response is significantly influenced by the nature of the ground 
motion. The calculated lateral displacement under AL-Aqaba ground motion with the biaxial analysis 
is almost double that obtained with the other ground motions. In addition, the calculated peak base 
shear under AL-Aqaba ground motion is 33% less than that evaluated under L’Aquila ground motion. 
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The dynamic capacity curve is also plotted for the other corner columns. The performance is 
evaluated in Figure 6-58 (a), (b), and (c) under El-Centro, AL-Aqaba and L’Aquila ground motions 
respectively for the rigid, uniaxial and biaxial analyses. As depicted earlier in the irregular 3 storey 
building, the response of the two corner columns 1 and 4 is very similar and differs from the other two 
corner columns 15 and 18. 
(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure 6-58 Base shear vs maximum displacement at the top corner columns in the irregular 6-storey structure under 
(a) El-Centro, (b) AL-Aqaba and (c) L’Aquila ground motions using rigid, uniaxial and biaxial connections. 
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6.8.4 The local response of the uniaxial and biaxial corner connections 
The local response of corner connections subjected to uniaxial and biaxial loading is investigated in 
this section at the maximum ground motion intensity. The implemented envelope curves of the 
uniaxial and biaxial corner connections are shown in Figure 6-54 and the implemented parameters for 
the uniaxial and biaxial joint models are listed in Table 6-7 to Table 6-9. The recommended joint 
rotation failure limit of 0.028 is depicted in Figure 6-59 and Figure 6-60 which illustrate the response 
of joints 4 and 15. 
Table 6-7 The implemented parameters in the EW corner connections of the irregular 6-storey building. 
1
st
 diagonal 
shear 
strength  
(N.mm) 
Ultimate 
shear 
strength 
(N.mm) 
Elastic 
stiffness 
(N.mm/rad) 
Plastic 
stiffness 
(N.mm/rad) 
Softening 
stiffness 
(N.mm/rad) 
Stiffness 
degradation 
parameter (α) 
Pinching 
parameter 
(β)  
2.76E+08    3.07E+08    5.52E+10    1.75E+09    0   5  0.3 
Strength 
degradation 
parameter 
ε   Strength 
degradation 
parameter 
for energy 
δ   Strength 
degradation 
for 
displacement 
 
Ultimate 
positive 
rotation 
(rad) 
Ultimate 
positive 
rotation for 
strength 
degradation 
(???? (rad) 
ρ interaction 
parameter 
which limit 
interaction 
surface 
biaxial 
degradation 
parameters 
µ 
0.1 15 1.5    0.1  0.0525 0.65 0.1 
 
Table 6-8 The implemented parameters in the NS corner connections 1 and 7 in the irregular 6-storey building. 
1
st
 diagonal 
shear 
strength  
(N.mm) 
Ultimate 
shear 
strength 
(N.mm) 
Elastic 
stiffness 
(N.mm/rad) 
Plastic 
stiffness 
(N.mm/rad) 
Softening 
stiffness 
(N.mm/rad) 
Stiffness 
degradation 
parameter (α) 
Pinching 
parameter 
(β)  
3.00E+08 3.34E+08 6.01E+10 1.91E+09 0   5  0.3 
Strength 
degradation 
parameter 
ε   Strength 
degradation 
parameter 
for energy 
δ   Strength 
degradation 
for 
displacement 
 
Ultimate 
positive 
rotation 
(rad) 
Ultimate 
positive 
rotation for 
strength 
degradation 
(???? (rad) 
ρ interaction 
parameter 
which limit 
interaction 
surface 
biaxial 
degradation 
parameters 
µ 
0.1 15 1.5    0.1  0.0525 0.65 0.1 
 
Table 6-9 The implemented parameters in the NS corner connections 15 and 21 in the irregular 6-storey building. 
1
st
 diagonal 
shear 
strength  
(N.mm) 
Ultimate 
shear 
strength 
(N.mm) 
Elastic 
stiffness 
(N.mm/rad) 
Plastic 
stiffness 
(N.mm/rad) 
Softening 
stiffness 
(N.mm/rad) 
Stiffness 
degradation 
parameter (α) 
Pinching 
parameter 
(β)  
3.20E+08 3.56E+08 6.40E+10 2.03E+09 0   5  0.3 
Strength 
degradation 
parameter 
ε   Strength 
degradation 
parameter 
for energy 
δ   Strength 
degradation 
for 
displacement 
 
Ultimate 
positive 
rotation 
(rad) 
Ultimate 
positive 
rotation for 
strength 
degradation 
(???? (rad) 
ρ interaction 
parameter 
which limit 
interaction 
surface 
biaxial 
degradation 
parameters 
µ 
0.1 15 1.5    0.1  0.0525 0.65 0.1 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure 6-59 Joint 4 EW and NS response in the irregular 6-storey building fourth floor under (a) El-Centro, (b) AL-
Aqaba and (c) L’Aquila ground motions respectively using uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure 6-60 Joint 15 EW and NS response in the irregular 6-storey building third floor under (a) El-Centro, (b) AL-
Aqaba and (c) L’Aquila ground motions respectively using uniaxial and biaxial connections. 
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The beam-column connections at the third and fourth floors are most critically loaded. Figure 6-59 
and Figure 6-60 show the uniaxial and biaxial EW and NS responses of joints 4 and 15 respectively, 
at the fourth and third floor.   
The EW and the NS directions are both critical for the corner connections simulated with the uniaxial 
and biaxial analyses. As mentioned earlier, biaxially modelled connections have lower joint shear 
strengths and higher joint deformations compared to the uniaxially connections. Thus, some corner 
joints exceeded the proposed collapse rotation limit when modelled biaxially but not uniaxially. For 
example, Joint 15 in Figure 6-60 (c) located at the third floor is at the collapse rotation limit under 
L’Aquila ground motion when modelled biaxially but below that limit with uniaxial corner 
connections. Corner connections in 3D framed structures are subjected to biaxial loading hence the 
response obtained in the biaxial analysis is most realistic. 
6.8.5 Comparison of beam shear force and chord rotation demands with Eurocode 
capacities 
The influence of joint modelling on the calculated performance of beams is investigated in this 
section. The resulting shear demand/capacity ratios at the maximum imposed ground motion intensity 
for the El-Centro, AL-Aqaba, and L’Aquila ground motions are illustrated in Figure 6-61 at the first 
floor, which is the most critical floor for beams under shear. The third floor is the most critical floor 
for beams under flexure and the chord rotation demand/capacity ratios are shown in Figure 6-62. 
Results for the other members are presented in Appendix B.  
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure 6-61 First floor beams’ vertical demand/capacity shear ratio in the irregular 6-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure 6-62 3rd floor beams biaxial demand/capacity ultimate chord rotation ratio in the irregular 6-storey building 
under (a) El-Centro, (b) AL-Aqaba and (c) L’Aquila ground motions using rigid, uniaxial and biaxial joints. 
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The shear demand in beams, depicted in Figure 6-61,  is below the shear resistance proposed by 
Eurocode-2 (BSI, 2004a) and hence shear failure is seldom critical under seismic loading. The shear 
demands calculated with rigid connections are overestimated because the frame is overly stiff. 
Furthermore, Figure 6-62 illustrates the chord rotation demand/capacity ratios for beams located at the 
third floor for the rigid, uniaxial, and biaxial analyses. Beams 19, 20 and 22, depicted in Figure 6-52, 
exceeded their rotational capacity in the uniaxial and biaxial analysis under AL-Aqaba ground 
motion. Furthermore, Beam 25 and Beam 26, depicted in Figure 6-52, presented in Appendix B 
exceeded their yielding capacity at the ends connected to the rigid joints in the 4
th
, 5
th
 and 6
th
 floor 
with the rigid, uniaxial and biaxial analyses. The reinforcement bars in these beams, which are 
connected to the corner connections, remained elastic at the edge connected to the corner joint while it 
exceeded its yield strength capacity at the other edge connected to the rigid joint.  
As mentioned earlier, the selected ground motion has significant effect on the demand rotations of the 
members. Beams 19, 20 and 22 exceeded its rotational capacity under AL-Aqaba ground motion 
while the reinforcement remained elastic under L’Aquila and El-Centro ground motion.  
6.8.6 Comparison of column shear and chord rotation demands with Eurocode 
capacities 
This section summarises the influence of joint modelling on the calculated response of columns. The 
demand shear force and chord rotations are compared with capacities calculated in accordance with 
the Eurocode 2 and 8. The resulting shear and rotation demand/capacity ratios in columns at the 
maximum imposed ground motion intensity are illustrated in Figure 6-63 and Figure 6-64 at the first 
and fourth floors respectively. The first floor is the most critical floor for columns in shear while the 
fourth floor is the most critical floor under flexure. Results for the other columns are presented in 
Appendix B. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure 6-63 First floor columns’ biaxial demand/capacity shear ratio in the irregular 6-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure 6-64 4th floor columns demand/capacity ultimate chord rotation ratio in the irregular 6-storey building under 
(a) El-Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial joints 
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The shear demand exceeds the shear resistance in some columns located at the first floor, mainly the 
internal columns 9, 10, 11 depicted in Figure 6-52, as shown in Figure 6-63. 
Due to the additional deformation developed in flexible connections, higher demand rotations are 
obtained in some columns shown in Figure 6-64 with the uniaxial and biaxial analyses but joint 
modelling effect is most adverse in beams.  
The reinforcement remained elastic in all columns at all floors in the models simulated under Al-
Aqaba and El-Centro ground motions while hinges were developed at the bottom of the corner 
columns 4 and 18 located at the fourth floor in the model analysed under L’Aquila ground motion. 
This is also depicted in the deflected shape of the 3D model shown in Section 6.8.8. Thus, the ground 
motion has significant effect on the structural response where the type of failure is changed in the 
structure analysed under L’Aquila motion. Hinges developed at the bottom of the fourth floor 
columns where the irregularity in the structure elevation started as depicted in Figure 6-53.  
6.8.7 Summary for biaxial connections effect 
This section summarises the influence of biaxially modelled corner connections on chord rotation and 
shear demand. The ratio between the demand rotations predicted with the biaxial and uniaxial 
analyses is illustrated in Figure 6-65 (a) and (b) for beams and columns respectively. The maximum 
and the minimum ratios are evaluated for all members at all floors. Furthermore, the maximum and 
the minimum values of the biaxial/uniaxial shear demand ratio is illustrated in Figure 6-66 (a) and (b) 
for beams and columns respectively. The definition of the maximum and minimum values was 
explained in section 6.5.7. 
  
(a)                                                                                                         (b) 
Figure 6-65 Biaxial connections' influence on (a) beams and (b) columns chord rotation with respect to the uniaxial 
connections. 
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As stated earlier, the influence of modelling connections biaxially is greatest for beams where a 
maximum increment of 47% is evaluated in the demand rotations under AL-Aqaba ground motion. 
The corresponding increment is reduced to 26 % for columns. 
Biaxial connections provide the structure with additional flexibility that reduces the shear demand of 
the members. The maximum shear demand in some beams framing into corner columns reduced by 
31%, compared with the uniaxial case, when corner joints were modelled biaxially. This reduction is 
reduced in columns where a maximum of 18 % loss is depicted with biaxial connections.  
Mainly the beams framing into corner columns are significantly influenced by biaxial joint modelling. 
  
(a)                                                                                                         (b) 
Figure 6-66 Biaxial connections’ influence on (a) beams and (b) columns shear resistance with respect to the uniaxial 
connections. 
6.8.8 The deflected shape of the regular 6-storey building using biaxial joints 
The deflected shape of the irregular 6-storey building with biaxial corner connections is presented in 
Figure 6-67 in three orthogonal planes under the peak lateral displacement corresponding to the 
highest intensity level of each ground motion at same scale.  
It is obvious form the deflected shape that the lateral displacement is most critical under AL-Aqaba 
ground motions as stated previously. In addition, the NS lateral displacement is greater than the EW 
displacement under AL-Aqaba ground motion. The torsional effect due to the structure’s irregularity 
is clear in the deflected shapes in Figure 6-67 and Figure 6-68. 
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(a) El-Centro ground motion at 5.56 seconds 
 
x-z plane                                               x-y plane                                       y-z plane 
 
(b) AL-Aqaba ground motion at 22.14 seconds    
 
x-z plane                                               x-y plane                                       y-z plane 
 
(c) L’Aquila ground motion at 6.73 seconds 
 
x-z plane                                               x-y plane                                       y-z plane 
Figure 6-67 The deflected shapes of the irregular 6-storey structure at the peak lateral displacement under (a)El-
Centro, (b)AL-Aqaba and (c) L’Aqila ground motions. 
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Figure 6-68 shows the 3D model in the x-y-z plane plotted at the peak lateral displacement of each 
ground motion at the time specified in Figure 6-67 with biaxial corner connections. Torsion effect is 
obvious in the deflected shapes of the three models but is most severe in the plan and the elevation of 
the model simulated under AL-Aqaba ground motion as discussed earlier. The significant effect of 
torsion in this particular model has changed the deflected shape of that building inducing higher NS 
lateral displacements compared to the other models. The 3D model simulated under El-Centro ground 
motion suffered mainly from torsion along its elevation introducing higher EW lateral displacement. 
As stated previously, hinges were developed at the bottom of the columns located at the fourth floor 
under L’Aquila ground motion where torsional effect is seen at the first three floors and the structure 
moves laterally as rigid body at the upper three floors due to hinges developed at the corner columns. 
 
El-Centro                                           AL-Aqaba                                     L’Aquila 
Figure 6-68 The deflected shape of the irregular 6-storey structure under the peak lateral displacement under (a)El-
Centro, (b)AL-Aqaba and (c) L’Aqila ground motions. 
 
6.9  The influence of varying joint strength degradation on 3D framed structures 
The influence of varying the strength degradation level in the joint model is investigated in this 
section. Relatively low and medium strength degradation parameters were implemented into the 3D 
framed model of the irregular 3-storey building. The influence is investigated locally at the corner 
connection level and globally by evaluating the dynamic capacity curve of the structure.  
Nonlinear time history analysis was performed for the irregular-3 storey building under different 
intensity levels of El-Centro ground motion (0.2g, 0.4g and 0.6g). The structure was analysed under 
0.1 and 0.4 uniaxial strength degradation parameters while the joint biaxial degradation parameter was 
kept constant to 0.1 (see Chapter 4 for the definition of the degradation parameters). Several trials 
were conducted to find the maximum strength degradation that can converge to a solution where the 
selected degradation parameter of 0.4 is the maximum degradation parameter at which the nonlinear 
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analysis can converge to a solution. The structure was analysed using uniaxial and biaxial corner 
connections. 
The local response of Joint 4 located at the second floor, depicted in Figure 6-37, is evaluated in 
Figure 6-69 and Figure 6-70 using 0.1 and 0.4 uniaxial degradation parameters respectively. Higher 
degradation parameter decreases the maximum joint shear strength capacity of the EW and NS joints 
while it increases the joint rotational deformation as shown in the EW direction of Joint 4.  
The dynamic capacity curve of corner Column 1 and 4 is presented in Figure 6-71 and Figure 6-72 
with different degradation levels simulated using the uniaxial and biaxial analyses respectively. The 
influence of the joint strength degradation on the global response of the structure is not significant. 
This conclusion is based on relatively low and medium joint degradation. 
 
Figure 6-69 Joint 4 EW and NS response in the irregular 3-storey building under 0.1 strength degradation 
parameter. 
 
Figure 6-70 Joint 4 EW and NS response in the irregular 3-storey building under 0.4 strength degradation 
parameter. 
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Figure 6-71 The dynamic capacity curve of Column 1 and 4 under 0.1 and 0.4 degradation parameter using uniaxial 
connections. 
 
Figure 6-72 The dynamic capacity curve of Column 1 and 4 under 0.1 and 0.4 degradation parameter using biaxial 
connections.. 
6.10 Conclusions 
Beam-column joints in 3D structures are subjected to biaxial loading during seismic events. The 
influence of biaxial loading is most severe at corner connections as explained previously. The current 
study examined the influence of joint modelling on the seismic response of 3D building frames. Joints 
were modelled as rigid at internal columns and at edge columns where the perimeter beam was 
continuous through the column. The corner and edge column joints, in the plane perpendicular to the 
perimeter beam, are modelled as i) rigid, ii) uniaxial and iii) uniaxial at edges and biaxial at corners. 
These analyses are depicted as i) rigid, ii) uniaxial and iii) biaxial. The study reveals the significant 
effect of biaxial corner connections in the irregular high rise building in the presence of torsion. 
However, the biaxial response is expected to be more adverse if all joints are modelled biaxially. 
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Flexible connections have a significant effect on the global response of the structure with the 
influence most obvious for biaxial corner connections. Biaxially modelled corner connections 
experience higher rotational deformation and lower joint shear strengths than uniaxially modelled 
corner connections. Some biaxial corner joints exceeded the proposed collapse rotation limit (0.028), 
which is based on a review of experimental data available in the literature as explained in Chapter 4 
but are still safe when modelled uniaxially. Corner connections in real 3D framed structures are 
subjected to biaxial loading hence the response of corner connections evaluated with the biaxial 
analysis is most realistic. 
The calculated global stiffness of the structure depends on the modelling of joint behaviour which also 
affects the member internal forces and rotations. Biaxial corner connections provide the structure with 
additional flexibility inducing lower shear demands in beams and columns and lower base shear but 
higher demand rotations. The influence is more adverse for beams than columns.  
A maximum increment of up to 92% arises in the demand rotations of some beams when the 
modelling of corner joints is changed from uniaxial to biaxial. This increment is less in columns (up 
to 26%). Mainly the beams framing into corner columns are significantly influenced by biaxial joint 
modelling. 
The predicted response is stiffest when evaluated using rigid connections resulting in higher shear 
demands, base shear and lower lateral displacements. The evaluated peak base shear with rigid 
connections is up to 31% greater than that obtained with flexible connections. 
The global response of the structure is investigated as a function of its dynamic capacity curve. The 
response is influenced significantly by the nature of the ground motion. Several peaks induce 
excessive damage and higher dissipated energy. Ground motion can significantly change the response 
of the elements and can also change the type of failure in the structure as seen in the irregular 6-storey 
building simulated under L’Aquila ground motion. 
The contributions of the EW and NS storey drifts are significantly influenced by the ground motion, 
building geometry, global stiffness of the structure and torsional effect (in the irregular buildings). 
The current study reveals the significant effect of torsion in the irregular buildings under seismic 
loading which can contribute in changing the magnitude and the direction of the lateral displacement 
and storey drift as evaluated in the irregular 6-storey building under AL-Aqaba ground motion. 
Biaxial connections have the most adverse effect in the high-rise irregular buildings in the presence of 
torsion. This effect is reduced in low-rise regular buildings. The maximum storey drift at the highest 
intensity level of the irregular 6-storey structure analysed using biaxial corner connections is more 
than double that estimated with rigid connections. Moreover, the maximum storey drift with biaxial 
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connections is increased up to 17.7% compared to the uniaxial corner connections. Furthermore, the 
maximum lateral displacement evaluated with biaxial connections is increased up to 19% compared to 
the uniaxial connections and more than double that measured with rigid connections. 
The influence of biaxial connections on the measured storey drift of the regular building is relatively 
low. The calculated maximum storey drift with biaxial connections is increased up to 37% compared 
to the rigid connections and up to 5 % compared to the uniaxial connections. The influence of change 
the corner joint modelling from uniaxial to biaxial is more significant for joint rotations than storey 
drift. 
The local response of the joint is considerably influenced by the level of joint strength degradation. 
However, the parametric study shows that the level of joint strength degradation does not have 
significant effect on the global response of the structure. 
The calculated biaxial joint response is largely influenced by the interaction factor ρ which defines the 
length of the flat cut zones in the interaction surface and hence the maximum reduction in biaxial joint 
strength. The interaction factor was taken as 0.65 in the current parametric study on the basis of 
simulations of biaxial test data available in the literature. The parametric study shows that the global 
behaviour of 3D-framed structures is influenced most significantly by changing joint modelling from 
rigid to uniaxial. However, there is a further small increase in drift when the modelling of corner 
joints is changed from uniaxial to biaxial. A relatively low joint strength degradation factor was used 
in the parametric studies of this chapter as it enabled the influence of biaxially modelling the corner 
joints to be assessed whilst maintaining numerical stability. The influence of biaxially modelling 
joints increases with joint strength degradation as shown in Section 6.9. Column shear failure is more 
critical for the biaxial than uniaxial analyses. Moreover, flexural failure is predicted at the rigidly 
jointed end of some beams framing into corner columns in the biaxial but not uniaxial analysis. Joint 
shear failure is also more critical in corner joints when modelled biaxially. These conclusions apply to 
both regular and irregular buildings. 
The effect of biaxially modelling corner connections is most significant for the irregular high rise 
building due to torsion. The influence of joint modelling is expected to be even more adverse if all 
joints are modelled biaxially. Bearing this in mind, it is suggested that consideration should be given 
to biaxially modelling joints in the seismic assessment of high rise RC framed buildings 
not conforming to the regularity requirements of Eurocode-8:part1 (BSI, 2004b). 
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Chapter 7.  
Conclusions 
7.1  Summary 
Various hysteretic models are available in the literature for simulating the response of reinforced 
concrete beam-column joints under uniaxial cyclic loading. However, beam-column connections are 
subject to biaxial loading under earthquake loading. Unlike interior and edge connections, which are 
partially confined with beams, corner connections are not confined by beams framing into opposite 
column faces. Thus, corner connections in 3D framed structures are subjected to complex stress states 
under biaxial seismic loading which can cause significant damage adversely affecting the whole 
structure. Thus, the thesis proposes a novel polygonal model for modelling the effect of biaxial 
loading on the strength and deformation of corner beam-column joints. The model is an extension of 
the uniaxial polygonal models suggested by Dowell (Dowell et al., 1998) and Park et al. (Park et al., 
1987). The biaxial joint strength is determined using a predefined elliptical interaction curve derived 
from consideration of existing experimental data. The proposed model accounts for variations in 
loading angle during seismic events, which can cause excessive degradation of joint shear strength as 
explained in Chapter 4 based on the simulated response of the available experimental tests. The 
predicted biaxial joint shear strength depends significantly on the angle of loading at the instant the 
interaction surface is first intersected. The beams framing into corner joints are assumed to be aligned 
along the x and y axes. It is assumed that strength degradation in one direction (e.g. x) is enhanced by 
degradation in the orthogonal direction (i.e. y). Thus, a fraction of the uncoupled strength degradation 
in one direction (e.g. x) is accounted for in the orthogonal direction (i.e. y) using a biaxial degradation 
parameter. The uncoupled damage index is a simple linear combination of the ultimate displacement 
(i.e. joint rotation) and the dissipated hysteretic energy. 
The proposed model is validated using available experimental data for corner beam-column sub-
assemblages tested under uniaxial and biaxial loading. The proposed biaxial model is shown to 
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satisfactorily replicate the observed response of the available experimental tests. It is also shown to be 
numerically robust under a wide range of biaxial loading patterns as described in Appendix A. 
However, insufficient experimental data are available in the literature to fully determine the influence 
of loading pattern on the biaxial joint response. This satisfies the first objective of the research of 
developing a robust model for simulating the biaxial response of corner beam-column connections 
under seismic loading. 
7.2  Implementation of joint model in ADAPTIC 
A simplified joint spring model (also called scissor model) is used to simulate joint response in 3D 
framed structures. The joint element model is considered as a zero length rotational spring element 
defined by two coincident nodes at the centre of the joint. Rigid elements are adopted to simulate the 
portion of the beams and column inside the joint panel. 
The material constitutive model of the rotational spring element is defined through a moment rotation 
backbone curve. The backbone curve is a tri-linear curve in which all the cracking and the ultimate 
shear stiffness are positive while the softening stiffness is assumed constant. The proposed envelope 
curve is used in conjunction with the polygonal hysteretic uniaxial or biaxial joint model. Softening is 
accounted for through a damage index, which reduces the joint strength gradually. The proposed 
envelope curve is based on the joint shear strength proposed by Vollum and Newman (Vollum and 
Newman, 1999) and defined through moment-rotation envelopes for unconfined and poorly 
reinforced exterior connections under cyclic loading. The validation of the proposed envelope curve is 
presented in Chapter 4. 
Thus, the second objective of the research, defined in Chapter 1, is achieved by implementing the 
model into ADAPTIC (Izzuddin, 1991). 
7.3  Design and detailing of seismically vulnerable RC framed structures 
Chapter 5 describes the design and detailing of four buildings, which were designed to be 
representative of the many existing Mediterranean structures subject to, but not designed for, seismic 
loading. Regular and irregular buildings were designed with heights of three and six stories. The 
member sizes and reinforcement areas were selected to allow for joint shear failure in the edge and 
corner joints by ensuring that the joint shear force corresponding to flexural failure of the incoming 
beams or columns was greater than the joint shear strength.  
Chapter 5 defines input parameters for the uniaxial and biaxial hysteretic joint models used in the 
nonlinear analysis of the 3D framed buildings. The behaviour of the proposed biaxial joint model with 
the suggested input parameters is illustrated for a typical corner connection of the designed 3D framed 
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buildings. The obtained biaxial response is similar to that obtained experimentally by Akguzel 
(Akguzel, 2011) for specimen 3D1 tested under CCW clover leaf loading. 
7.4  Nonlinear analysis of 3D buildings 
Chapter 6 presents the results of a series of parametric studies which were carried out to assess the 
influence of biaxial joint loading on the regular and irregular RC framed structures described in 
Chapter 5. Joints were modelled as rigid at internal columns and at edge columns with perimeter 
beams framing into opposite column faces. Corner and edge column joints, in the plane perpendicular 
to the perimeter beam, are modelled as i) rigid, ii) uniaxial and iii) uniaxial at edges and biaxial at 
corners. These analyses are depicted as i) rigid, ii) uniaxial and iii) biaxial. Nonlinear time history 
analysis was used to evaluate the seismic performance of the 3D framed structures using the 
Incremental Dynamic Analysis (IDA) method (Vamvatsikos and Cornell, 2002) by performing a 
series of ground motion records, El-Centro, Al-Aqaba and L’Aquila, each scaled to several levels of 
intensity. The analysis was carried out with ADAPTIC (Izzuddin, 1991) using nonlinear time history 
analysis and hence the fourth objective of the research, defined in Chapter 1, is achieved. 
The global behaviour of 3D-framed structure varies most significantly by varying joint modelling 
from rigid to uniaxial. The influence of biaxial modelling varies but is less significant. The predicted 
response is stiffest when evaluated using rigid connections resulting in higher shear demands, base 
shear and lower lateral displacements. The evaluated peak base shear with rigid connections is up to 
31% greater than that obtained with flexible connections. 
The global response of the structure is assessed using dynamic capacity curves. The calculated 
responses were influenced significantly by the nature of the ground motion. Several peaks induce 
excessive damage and higher dissipated energy. Ground motion can significantly change the response 
of the elements and can also change the type of failure in the structure as seen in the irregular 6-storey 
building simulated under L’Aquila ground motion. 
Flexible connections have a significant effect on the global response of the structure with the 
influence most pronounced for biaxially modelled corner connections. Biaxially modelled corner 
connections experience higher rotational deformation and lower joint shear strengths than uniaxially 
modelled corner connections. Some biaxial corner joints exceeded the proposed collapse rotation limit 
of 0.028 radians but not when modelled uniaxially. 
 
The calculated global stiffness of the structure varies with joint modelling which affects the member 
internal forces and rotations. Biaxial corner connections provide the structure with additional 
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flexibility inducing lower shear demands in beams and columns and lower base shear but higher 
demand rotations. The influence is more adverse for beams than columns. 
A maximum increment of up to 92% arises in the demand rotations of some beams when the 
modelling of corner joints is changed from uniaxial to biaxial. Beams framing into corner columns are 
most influenced by biaxial joint modelling. This increment in rotation is less for columns (up to 26%).  
The contributions of the EW and NS storey drifts are significantly influenced by the ground motion, 
building geometry, global stiffness of the structure and torsional effect (in the irregular buildings). 
The current study reveals the significant effect of torsion on irregular buildings under seismic loading. 
Torsion can change the magnitude and the direction of the lateral displacement and storey drift as 
measured in the irregular 6-storey building under AL-Aqaba ground motion. 
Biaxial connections have the most adverse effect in the high-rise irregular buildings in the presence of 
torsion. This effect is reduced in low-rise regular buildings. The maximum storey drift at the highest 
intensity level of the irregular 6-storey structure analysed using biaxial corner connections is more 
than double that estimated with rigid connections. Moreover, the maximum storey drift with biaxial 
connections is increased up to 17.7% compared to the uniaxial corner connections. Furthermore, the 
maximum lateral displacement evaluated with biaxial connections is increased up to 19% compared to 
the uniaxial connections and more than double that measured with rigid connections. 
 
The influence of biaxial connections on the measured storey drift of the regular buildings is relatively 
low. The calculated maximum storey drift with biaxial connections is increased up to 37% compared 
to the rigid connections and up to 5 % compared to the uniaxial connections. 
 
The local response of the joint is considerably influenced by the level of joint strength degradation. 
However, the parametric study suggests that the level of joint strength degradation does not have a 
significant effect on the global response of the structure. 
The influence of biaxial modelling is adverse at the element level but varies at the global level of 3D 
framed structures corresponding to the regularity and flexibility of the building. As mentioned earlier, 
the most adverse behaviour is evaluated in the high-rise irregular building. 
Further checks were conducted using the results of the nonlinear dynamic analysis to assess the 
existing structures under brittle failure modes and ductile failure modes. Shear failure mode is a brittle 
failure mode and is most likely to happen if the demand shears in the elements obtained from the 
nonlinear are greater than the capacity required by Eurocode-2 (Eurocode-2, 2004b). Furthermore, 
flexure failure mode is a ductile failure mode which occurs when the demand chord rotations are 
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greater than the chord rotational capacity specified by Eurocode-8 (Eurocode-8, 2004). Chapter 6 
illustrates the results of the most critical members while the results of all members are presented in 
Appendix B. 
The calculated biaxial joint response is largely influenced by the interaction factor ρ which defines the 
length of the flat cut zones in the interaction surface and hence the maximum reduction in biaxial joint 
strength. The interaction factor was taken as 0.65 in the current parametric study on the basis of 
simulations of biaxial test data available in the literature. The parametric study shows that the global 
behaviour of 3D-framed structures is influenced most significantly by changing joint modelling from 
rigid to uniaxial. However, there is a further small increase in drift when the modelling of corner 
joints is changed from uniaxial to biaxial. A relatively low joint strength degradation factor was used 
in the parametric studies of Chapter 6 as it enabled the influence of biaxially modelling the corner 
joints to be assessed whilst maintaining numerical stability. The influence of biaxially modelling 
joints increases with joint strength degradation as shown in Section 6.9. Column shear failure is more 
critical for the biaxial than uniaxial analyses. Moreover, flexural failure is predicted at the rigidly 
jointed end of some beams framing into corner columns in the biaxial but not uniaxial analysis. Joint 
shear failure is also more critical in corner joints when modelled biaxially. These conclusions apply to 
both regular and irregular buildings. 
The effect of biaxially modelling corner connections is most significant for the irregular high rise 
building due to torsion. The influence of joint modelling is expected to be even more adverse if all 
joints are modelled biaxially. Bearing this in mind, it is suggested that consideration should be given 
to biaxially modelling joints in the seismic assessment of high rise RC framed buildings 
not conforming to the regularity requirements of Eurocode-8. 
7.5  Recommendations for future research 
1. Experimental tests are recommended to better understand the biaxial seismic loading effect on 
corner connections. This requires: 
• testing two notionally identical specimens under uniaxial and biaxial cloverleaf 
loading. Cloverleaf loading ensures varying the loading angle during the test. 
• testing notionally identical beam-column assemblages under varying and fixed 
loading angles to evaluate the influence of the loading angle on strength degradation 
and drift ratio.  
• testing identical specimens under different loading patterns to evaluate the influence 
of the loading pattern on the biaxial response of corner joints under seismic loading 
(eg. Square loading pattern, cloverleaf loading pattern, 45 degrees constant line etc)  
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• testing two notionally identical specimens under cloverleaf loading where the angle 
of loading at the peak displacement of the first specimens is 45 degrees while acute or 
obtuse angle should be prescribed at the peak displacement of the other specimen. 
This is required to evaluate the influence of prescribing acute or obtuse loading 
angles at the peak displacements of a biaxially loading corner connection. This case 
can occur under real earthquakes.  
2. Development of bidirectional models to simulate the response of biaxially loaded edge and 
interior connections and subsequent parametric studies to evaluate the response of 3D framed 
structures with rigid, uniaxial and biaxially coupled joints. 
3. Development of mechanically based hysteretic parameters for simulating the hysteric 
response of beam-column connections. 
4. Inclusion of the effect of varying axial load in the proposed bidirectional beam-column joint 
model. 
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Appendix A.  
Biaxial Loading Pattern Effect 
A.1. Introduction 
This appendix investigates the influence of the implemented loading pattern on the joint biaxial 
response. The current parametric study gives insight into the predicted biaxial response under 
different loading patterns. However, there is not sufficient tests in the literature that discuss the 
influence of loading pattern on joints biaxial response, Thus, the current study shed some light for 
future experimental work. A series of parametric studies were carried out in order to investigate the 
response of corner connections under different loading patterns. The biaxial response of a corner 
connection is evaluated by applying the same target displacement under different biaxial loading 
patterns. The target displacement is the magnitude of the maximum displacement. The selected corner 
connection is simulated under narrow and wide cloverleaf biaxial loading, square biaxial loading and 
two 45 degrees intersected lines. The pattern direction is also investigated by imposing CW and CCW 
biaxial loading pattern. The implemented loading patterns are illustrated as follows: 
1. Cloverleaf load pattern is constructed in polar coordinates employing a rose sinusoid  
curve with varying the angle of loading as follows: ???????? ? ????? ?????????? ???????????????????????????????????????? ? ????? ???? ?? ???????? ? ??? ???????? 
where 
 R is the target displacement (where R is the magnitude of the maximum displacement vector at an 
angle of 45 degrees to the principal axis). 
 The angle of loading (θ) varies between: 
• 0 and 90 for wide cloverleaf shape 
• 27 and 63 for extremely narrow cloverleaf shape. 
2. Square biaxial loading pattern is constructed in polar coordinates employing the angle of 
loading to vary between zero and 90 as follow: ????? ? ?? ???????? ??????? ????????????????????????????????????? ? ??? ???????? ???? ??? 
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where 
 R is the target displacement (where R is the magnitude of the maximum displacement vector at an 
angle of 45 degrees to the principal axis). 
 The angle of loading (θ1) should be zero or 90 in this order: 0,0,90,90. 
 The angle of loading (θ2) should be zero or 90 in this order: 0, 90,90,0. 
3. Two 45 degrees intersected lines biaxial loading pattern is constructed in polar coordinates 
employing a fixed 45 degrees angle of loading as follow: ???? ? ?? ??????????????????????????????????????????? ? ??? ??????? 
where 
 R is the target displacement (where R is the magnitude of the maximum displacement vector at an 
angle of 45 degrees to the principal axis). 
 The angle of loading (θ) is fixed to 45 degrees. 
A.2. The implemented backbone curve and the imposed target displacement 
A series of parametric studies were carried out in order to investigate the response of corner 
connections under different loading patterns. The implemented backbone curve, for the corner joint 
EW and NS directions, is the experimental envelope curve of the uniaxial specimen TDP2 conducted 
by Hertanto (Hertanto, 2005). The selected specimen failed due to joint shear prior to beam or column 
reinforcement yielding. The corner joint is simulated under the same biaxial target rotation vector 
using different biaxial patterns. The imposed EW and the NS rotations are illustrated in Figure A-2 
and Figure A-3. The maximum pinching, which occurs because of crack closure, is considered in this 
simulation in order to plot the exact predicted biaxial response. This allows the loading to start from 
zero instead of the pinching points in the hysteretic loop and hence keeping the exact biaxial pattern. 
The implemented strength, stiffness and other parameters required for the proposed model are shown 
in Table 5-6. The implemented envelope curve is illustrated in Figure A-1. Further details about the 
symmetric specimen TDP-2 is given in chapter 2. 
 
Figure A-1 Implemented backbone curve                             
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Table A-1 Input parameters 
1
st
 diagonal 
shear 
strength  
(N.mm) 
Ultimate 
shear 
strength 
(N.mm) 
Elastic 
stiffness 
(N.mm/rad) 
Plastic 
stiffness 
(N.mm/rad) 
Softening 
stiffness 
(N.mm/rad) 
Stiffness 
degradation 
parameter (α) 
Pinching 
parameter 
(β)  
3.12E+07    3.46E+07   8.20E+09   2.98E+08   0   5  0 ? Strength 
degradation 
parameter 
ε   Strength 
degradation 
parameter 
for energy 
δ   Strength 
degradation 
for 
displacement 
 
Ultimate 
positive 
rotation 
(rad) 
Ultimate 
positive 
rotation for 
strength 
degradation 
(???? (rad) 
ρ interaction 
parameter 
which limit 
interaction 
surface 
biaxial 
degradation 
parameters 
µ 
0.1 15 1.25    0.035    0.035 0.6 0.3 
 
 
Figure A-2 EW imposed rotation. 
 
Figure A-3 NS imposed rotation. 
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A.2.1. Wide cloverleaf loading (angle of loading varies between 0 and 90)  
Figure A-2 and Figure A-3 show the imposed rotations on x and y directions employing wide 
cloverleaf biaxial interactive loading. The imposed biaxial loading is investigated under CCW and 
CW loading as shown in Figure A-4 (a) and (b) respectively. 
 
(a)                                                                                       (b) 
Figure A-4  (a) CCW biaxial lateral displacement,( b)  CW biaxial lateral displacement 
A.2.2. Narrow cloverleaf loading (angle of loading varies between 27 and 63)  
Figure A-2 and Figure A-3 show the imposed rotations on the EW and NS direction of the simulated 
corner joint employing narrow cloverleaf biaxial interactive loading. The biaxial loading is imposed 
under CCW and CW loading as shown in Figure A-5  (a) and (b) respectively. 
 
(a)                                                                                       (b) 
Figure A-5  (a) CCW biaxial lateral displacement, (b)  CW biaxial lateral displacement 
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A.2.3. Square biaxial loading pattern loading 
Figure A-2 and Figure A-3 show the imposed rotations of the selected joint on x and y directions 
employing a square biaxial interactive loading. The biaxial square loading is investigated under 
CCW and CW loading as shown in Figure A-6 (a) and (b) respectively. 
 
(a)                                                                                       (b) 
Figure A-6  (a) CCW biaxial lateral displacement, (b)  CW biaxial lateral displacement 
A.2.4. Two 45 degrees intersected lines biaxial loading pattern 
Figure A-2 and Figure A-3 show the imposed rotation on the selected corner connection x and y 
directions. The biaxial loading pattern is plotted in Figure A-7 employing a two 45 degrees 
intersected lines biaxial loading. 
 
Figure A-7 Biaxial lateral displacement 
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A.3. Comparison between the predicted biaxial response under different 
loading patterns  
Figure A-8 and Figure A-9 compare between the predicted biaxial responses of the corner connection 
under different loading patterns under the same target displacement. The response depends 
significantly on the adopted loading pattern. Joint shear strength is the same for the EW and NS 
directions under the 45 degrees biaxial loading pattern shown in Figure A-7. The angle of loading 
kept constant to 45 degrees and hence the shear strength is the same for both directions.  
However, the angle of loading varies at each loading step under cloverleaf and square biaxial loading 
patterns shown in Figure A-4 and Figure A-6 respectively. The EW joint shear strength is greater than 
the NS strength under CCW cloverleaf and square biaxial loading. The angle of loading is located 
within the flat cut zone at the instant the 1
st
 diagonal crack arises. Thus, for loading angles located 
within the flat cut zone, interaction is not considered and the full uniaxial strength is provided in one 
direction while the other direction has a fraction of its uniaxial strength limited to (ρ. uniaxial 
strength). The reduction in the ultimate biaxial strength capacity is depicted in the NS direction only 
under CCW cloverleaf loading. The numerical response conforms with the experimental response 
conducted by Akguzel under CCW clover leaf loading (Akguzel, 2011) where the experimental 
ultimate biaxial shear strength of specimen 3D1 tested by Akguzel (Akguzel, 2011) is reduced in the 
NS direction only. The experimental EW peak biaxial shear strength has the full uniaxial strength 
capacity. 
The next section evaluates the reduction in the biaxial strength at each direction compared to the 
uniaxial strength under different loading patterns. 
.   
(a)                                                                                       (b) 
Figure A-8 (a)  predicted response under (CCW)  loading patterns for the (a) EW direction and (b) NS direction 
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(a)                                                                                       (b) 
Figure A-9 (a)  predicted response under (CCW)  loading patterns for the (a) EW direction and (b) NS direction 
 
A.3.1. Wide cloverleaf loading (angle of loading varies between 0 and 90) 
A wide cloverleaf biaxial loading is imposed CCW and CW respectively. Figure A-10 (a) and (b) 
illustrates the predicted biaxial response of the selected corner connection under CCW and CW 
loading respectively. Figure A-11 (a) and (b) show the predicted EW and NS biaxial joint shear 
strength under CCW and CW loading respectively. The EW shear strength is greater than the NS one 
under CCW loading. The same response is experimentally evaluated  by Akguzel (Akguzel, 2011) 
under CCW cloverleaf loading. 
The biaxial response is sensitive to the direction of loading and the angle of loading and hence the 
reduction in the ultimate biaxial strength is depicted in the EW direction only by changing the loading 
direction from CCW to CW. This is expected in the biaxial model where changing the loading 
direction induces changing the angle of loading at the instant the interaction surface is first 
intersected. The angle of loading at the instant the interaction surface is first intersected is  located 
within the flat cut zone for both loading scenarios (i.e.  CCW and CW). However, the angle of loading 
at the instant the interaction surface is first intersected (?????) is acute under CCW cloverleaf loading 
inducing reduction in the NS direction only. The angle of loading becomes obtuse by changing the 
loading direction to CW (???? ? ??? ? ?????????? producing reduction in the EW ultimate biaxial 
strength capacity.  
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(a)                                                                                       (b) 
Figure A-10 (a) CCW biaxial lateral displacement, (b) CW biaxial lateral displacement. 
  
(a)                                                                                       (b) 
Figure A-11 The predicted response in x and y directions under (a)  CCW direction (b)CW direction 
The EW and NS biaxial response is also evaluated compared to the uniaxial response in Figure A-12 
and Figure A-13 respectively. The reponse mainly depends on the angle of loading at the instant the 
1
st
 diagonal crack initiates. If the angle of loading is located within the flat cut zones, the reduction in 
the ultimate biaxial strength occurs in one direction only. The proposed model assumes that one beam 
will have the full uniaxial strength while the other will have a fraction of its uniaxial strength, limted 
to ρ. Multimate, for loading angles located within the flat cut zones. The recommended value of the 
interaction parameter ρ is 0.6 to 0.65, which is selected to best fit the experimental tests available in 
the literature. Thus, one direction will have the full uniaxial strength and the strength in the other 
direction will be limited to 0.6 x 3.46e7 N.mm = 2.076 e7 N.mm as depicted in Figure A-12 and 
Figure A-13. 
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(a)                                                                                       (b) 
Figure A-12 The predicted EW biaxial response vs the uniaxial joint response under  (a)  CCW direction (b)CW 
direction 
  
(a)                                                                                       (b) 
Figure A-13 The predicted NS biaxial response vs the uniaxial joint response under  (a)  CCW direction (b)CW 
direction 
A.3.2. Narrow cloverleaf loading (angle of loading varies between 27 and 63) 
A narrow cloverleaf biaxial loading is imposed CCW and CW respectively. Figure A-14 (a) and (b) 
illustrates the predicted biaxial response of the selected corner connection under CCW and CW 
loading respectively. Figure A-15 (a) and (b) show the predicted EW and NS biaxial joint shear 
strength under CCW and CW loading respectively. The EW shear strength is greater than the NS one 
under CCW loading. Furthermore, the EW and NS biaxial response is also evaluated compared to the 
uniaxial response in Figure A-16 and Figure A-17 respectively. The same conclusions, outlined under 
wide cloverleaf loading, are depicted under narrow cloverleaf loading. The response is sensitive to the 
angle of loading at the instant the interaction surface is first intersected.  
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(a)                                                                                       (b) 
Figure A-14 (a) CCW biaxial lateral displacement, (b) CW biaxial lateral displacement. 
  
                                    (a)                                                                                      (b) 
Figure A-15 The predicted response in x and y directions under (a)  CCW direction (b)CW direction 
         
                               (a)                                                                                      (b) 
Figure A-16 The predicted EW biaxial response vs the uniaxial joint response under  (a)  CCW direction (b)CW 
direction 
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                                    (a)                                                                                      (b) 
Figure A-17 The predicted NS biaxial response vs the uniaxial joint response under  (a)  CCW direction (b)CW 
direction 
A.3.3. Square biaxial loading 
A square biaxial loading is imposed CCW and CW respectively. Figure A-18 (a) and (b) illustrates the 
predicted biaxial response of the selected corner connection under CCW and CW loading 
respectively. Figure A-19 (a) and (b) show the predicted EW and NS biaxial joint shear strength under 
CCW and CW loading respectively. The EW shear strength is greater than the NS one under CCW 
loading. Furthermore, the EW and NS biaxial response is also evaluated compared to the uniaxial 
response in Figure A-20 and Figure A-21 respectively. There are not available tests in the literature 
for corner connections conducted under square biaxial loading pattern. However, square loading 
pattern produces an out of phase loading scenario. Thus, tests conducted under out of phase loading 
scenario such as cloverleaf loading may give insight into the predicted response. Thus, the same 
conclusions, outlined under wide cloverleaf loading, are depicted under square loading where both 
type of loadings represent out of phase loading scenario. The response is sensitive to the angle of 
loading at the instant the interaction surface is first intersected.  
 
(a)                                                                                       (b) 
Figure A-18 (a) CCW biaxial lateral displacement, (b) CW biaxial lateral displacement. 
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(a)                                                                                       (b) 
Figure A-19 The predicted response in x and y directions under (a)  CCW direction (b)CW direction 
.   
(a)                                                                                       (b) 
Figure A-20 The predicted EW biaxial response vs the uniaxial joint response under  (a)  CCW direction (b)CW 
direction 
  
(a)                                                                                       (b) 
Figure A-21 The predicted NS biaxial response vs the uniaxial joint response under  (a)  CCW direction (b)CW 
direction 
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A.3.4. Two 45 degrees intersected lines biaxial loading pattern 
A biaxial loading is imposed employing two 45 degrees intersected lines. Figure A-22 (a) shows 
the predicted biaxial shear strength under constant 45 degrees loading angle. The reduction in the 
biaxial strength in the EW and the NS direction is the same because the loading angle is fixed in 
both directions to 45 degrees as shown in Figure A-22-b.  
In addition, the reduction in the EW and NS biaxial strengths are illustrated in Figure A-23 
compared to the uniaxial strength. The reduction in the biaxial strength is the same for both 
directions as expected under constant 45 degrees loading angle. The predicted biaxial response 
conforms to the experimental response evaluated by Hassan (Hassan, 2011) under fixed 45 
degrees loading angle. 
  
(a)                                                                                       (b) 
Figure A-22  (a) Biaxial lateral displacement, (b) The predicted response in x and y directions 
  
(a)                                                                                       (b) 
Figure A-23 The predicted biaxial response vs the uniaxial model for the (a) EW and (b) NS directions. 
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A.4. Discussion and overview 
This appendix investigates the influence of the implemented loading pattern on the joint biaxial 
response. The current parametric study gives insight into the predicted biaxial response under 
different loading patterns. However, there is not sufficient tests in the literature that discuss the 
loading pattern effect on  joints biaxial response, Thus, the current study shed some light for future 
experimental work.  
The proposed model is sensitive to the biaxial loading pattern, the direction of loading (ie. clockwise 
(CW) or counter clockwise (CCW)), the interaction parameter which specify the interaction surface 
limits, and the angle of loading at the instant interaction surface is first intersected (i.e the first 
diagonal cracking strength).  
The predicted EW and NS Joint shear strength is the same under constant 45 degrees biaxial loading 
pattern. However, the angle of loading varies at each loading step under cloverleaf and square biaxial 
loading patterns and the response significantly depends on the angle of loading at the instant the 
interaction surface is first intersected. For loading angles located within the flat cut zone, interaction is 
not considered and the full uniaxial strength is provided in one direction while the other direction has 
a fraction of its uniaxial strength limited to (ρ. uniaxial strength). The reduction in the predicted 
ultimate biaxial strength capacity is depicted in the NS direction only under CCW cloverleaf loading. 
The predicted response conforms with the experimental response conducted by Akguzel under CCW 
clover leaf loading (Akguzel, 2011) where the experimental peak biaxial shear strength of specimen 
3D1 tested by Akguzel (Akguzel, 2011) is reduced in one direction only (i.e. the NS direction) under 
CCW clover leaf loading. The EW peak biaxial shear strength has the full uniaxial strength capacity. 
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Appendix B.  
Numerical Simulation of Space Structures 
B.1. Introduction 
This appendix presents the influence of joint modelling for all members in the regular and irregular 
buildings, described in Chapter 5, at the maximum imposed ground motion intensity for the El-
Centro, AL-Aqaba, and L’Aquila ground motions. The demand shear force and chord rotations are 
compared with capacities calculated in accordance with Eurocode-2 (Eurocode-2, 2004b) and 
Eurocode-8 (Eurocode-8, 2004) respectively. Chapter 6 illustrates the most critical members under 
shear and flexure. 
As discussed earlier, the 3D beam-column elasto-plastic cubic formulation (Izzuddin, 1991, Izzuddin 
and Elnashai, 1993) adopted in this research models flexural but not shear failure. Therefore, shear 
failure is investigated at the end of the analysis by comparing calculated shear forces with shear 
resistances calculated with Eurocode-2 (Eurocode-2, 2004b). The nonlinear analysis was performed 
using mean material strengths, as required by Eurocode-8 (Eurocode-8, 2004). The calculated shear 
forces are compared with mean shear resistances calculated with unit partial factors. The chord 
rotational demands of beams and columns are evaluated using the procedure described in Chapter 5. 
The discussion is presented in Chapter 6 for the most critical members under shear and flexure. 
B.2. Regular-3-storey 
A regular 3-storey building, described in Chapter 5, is implemented into ADAPTIC (Izzuddin, 1991) 
and analysed using nonlinear time history analysis under three different natural ground motions (i.e. 
El-Centro, AL-Aqaba and L’Aquila earthquakes). The structure was designed and detailed to be 
representative of non-ductile older-type RC buildings which are seismically vulnerable. As described 
in Chapter 5, the structure was designed and detailed to make joint shear failure critical under seismic 
loading.
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B.2.1. Comparison of beam shear force and chord rotation demands with Eurocode 
capacities 
This section considers the influence of joint modelling on beams located in the regular 3-storey 
building. The resulting shear demand/capacity ratios at the maximum imposed ground motion 
intensity for the El-Centro, AL-Aqaba, and L’Aquila ground motions are illustrated in Figure B-1 to 
Figure B-3 for beams at the first, second and third floors respectively. Figure B-4 to Figure B-6 show 
the chord rotation demand/capacity ratios at the maximum intensity level for beams located at the 
first, second and third floors respectively under the El-Centro, AL-Aqaba and L’Aquila ground 
motions. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.8g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-1 1st floor beams’ vertical demand/capacity shear ratio in the regular 3-storey building under (a) El-Centro, 
(b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.8g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-2 2nd floor beams’ vertical demand/capacity shear ratio in the regular 3-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.8g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-3 3rd floor beams’ vertical demand/capacity shear ratio in the regular 3-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.8g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-4 1st floor beams’ biaxial demand/capacity ultimate chord rotation ratio in the regular 3-storey building 
under(a) El-Centro,(b)AL-Aqaba and(c)L’Aquila ground motions respectively using rigid, uniaxial and biaxial joints. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.8g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-5 2nd floor beams’ biaxial demand/capacity ultimate chord rotation ratio in the regular 3-storey building 
under(a) El-Centro,(b)AL-Aqaba and(c)L’Aquila ground motions respectively using rigid, uniaxial and biaxial joints. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.8g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-6 3rd floor beams’ biaxial demand/capacity ultimate chord rotation ratio in the regular 3-storey building 
under(a) El-Centro,(b)AL-Aqaba and(c)L’Aquila ground motions respectively using rigid, uniaxial and biaxial joints. 
 
1
2
3
4
BA C D E
C 1 C 5 C 9 C 1 3 C 1 7
C 4 C 8 C 1 2 C 1 6 C 2 0
C 2
C 3 C 7 C 1 1 C 1 5
C 6 C 1 0 C 1 4
C 1 8
C 1 9
B 5 B 6 B 7 B 8
B 4B 3B 2B 1
B 9
B 1 0
B 1 1
B 1 2
B 1 3
B 1 4
B 1 5
B 1 6
B 1 8
B 1 9
B 2 0
B 2 1
B 2 2
B 2 3B 1 7
APPENDIX B                                                                   Numerical Simulation of Space Structures 
328 
 
B.2.2. Comparison of column shear force and chord rotation demands with 
Eurocode capacities 
This section considers the influence of joint modelling on columns located in the regular 3-storey 
building. The resulting shear demand/capacity ratios at the maximum imposed ground motion 
intensity for the El-Centro, AL-Aqaba, and L’Aquila ground motions are illustrated in Figure B-7 for 
columns located at the first floor, which is the most critical floor for shear. Figure B-8 to Figure B-10 
show the chord rotation demand/capacity ratios at the maximum intensity level for columns located at 
the first, second and third floors respectively under the El-Centro, AL-Aqaba and L’Aquila ground 
motions. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.8g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-7 1st  floor columns’ biaxial demand/capacity shear ratio in the regular 3-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.8g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-8 1st  floor columns’ biaxial demand/capacity ultimate chord rotation ratio in the regular 3-storey building 
under (a) El-Centro, (b)AL-Aqaba and (c) L’Aquila ground motions using rigid, uniaxial and biaxial joints. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.8g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-9 2nd  floor columns’ biaxial demand/capacity ultimate chord rotation ratio in the regular 3-storey building 
under (a) El-Centro, (b)AL-Aqaba and (c) L’Aquila ground motions using rigid, uniaxial and biaxial joints. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.8g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-10 3rd  floor columns’ biaxial demand/capacity ultimate chord rotation ratio in the regular 3-storey building 
under (a) El-Centro, (b)AL-Aqaba and (c) L’Aquila ground motions using rigid, uniaxial and biaxial joints. 
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B.3. Regular-6-storey 
A regular 6-storey building, described in Chapter 5, is implemented into ADAPTIC (Izzuddin, 1991) 
and analysed using nonlinear time history analysis under three different natural ground motions (i.e. 
El-Centro, AL-Aqaba and L’Aquila earthquakes). The structure was designed and detailed to be 
representative of non-ductile older-type RC buildings which are seismically vulnerable. As described 
in Chapter 5, the structure was designed and detailed to make joint shear failure critical under seismic 
loading. 
B.3.1. Comparison of beam shear force and chord rotation demands with Eurocode 
capacities 
This section considers the influence of joint modelling on beams located in the regular 6-storey 
building. The resulting shear demand/capacity ratios at the maximum ground motion intensity for the 
El-Centro, AL-Aqaba, and L’Aquila ground motions are illustrated in Figure B-11 to Figure B-16 for 
beams located at the first, second, third, fourth, fifth and sixth floors respectively. Figure B-17 to 
Figure B-22 show the chord rotation demand/capacity ratios at the peak intensity level for beams 
located at the first to the sixth floors respectively under the El-Centro, AL-Aqaba and L’Aquila 
ground motions. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-11 1st  floor beams’ vertical demand/capacity shear ratio in the regular 6-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-12 2nd  floor beams’ vertical demand/capacity shear ratio in the regular 6-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-13 3rd floor beams’ vertical demand/capacity shear ratio in the regular 6-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-14 4th  floor beams’ vertical demand/capacity shear ratio in the regular 6-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-15 5th  floor beams’ vertical demand/capacity shear ratio in the regular 6-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-16 6th  floor beams’ vertical demand/capacity shear ratio in the regular 6-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-17 1st floor beams’ biaxial demand/capacity ultimate chord rotation ratio in the regular 6-storey building 
under(a) El-Centro,(b)AL-Aqaba and(c)L’Aquila ground motions respectively using rigid, uniaxial and biaxial joints. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-18 2nd floor beams’ biaxial demand/capacity ultimate chord rotation ratio in the regular 6-storey building 
under(a) El-Centro,(b)AL-Aqaba and(c)L’Aquila ground motions respectively using rigid, uniaxial and biaxial joints. 
 
1
2
3
4
BA C D E
C 1 C 5 C 9 C 1 3 C 1 7
C 4 C 8 C 1 2 C 1 6 C 2 0
C 2
C 3 C 7 C 1 1 C 1 5
C 6 C 1 0 C 1 4
C 1 8
C 1 9
B 5 B 6 B 7 B 8
B 4B 3B 2B 1
B 9
B 1 0
B 1 1
B 1 2
B 1 3
B 1 4
B 1 5
B 1 6
B 1 8
B 1 9
B 2 0
B 2 1
B 2 2
B 2 3B 1 7
APPENDIX B                                                                   Numerical Simulation of Space Structures 
342 
 
(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-19 3rd floor beams’ biaxial demand/capacity ultimate chord rotation ratio in the regular 6-storey building 
under(a) El-Centro,(b)AL-Aqaba and(c)L’Aquila ground motions respectively using rigid, uniaxial and biaxial joints. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-20 4th floor beams’ biaxial demand/capacity ultimate chord rotation ratio in the regular 6-storey building 
under(a) El-Centro,(b)AL-Aqaba and(c)L’Aquila ground motions respectively using rigid, uniaxial and biaxial joints. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-21 5th floor beams’ biaxial demand/capacity ultimate chord rotation ratio in the regular 6-storey building 
under(a) El-Centro,(b)AL-Aqaba and(c)L’Aquila ground motions respectively using rigid, uniaxial and biaxial joints. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-22 6th floor beams’ biaxial demand/capacity ultimate chord rotation ratio in the regular 6-storey building 
under(a) El-Centro,(b)AL-Aqaba and(c)L’Aquila ground motions respectively using rigid, uniaxial and biaxial joints. 
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B.3.2. Comparison of column shear force and chord rotation demands with 
Eurocode capacities 
This section considers the influence of joint modelling on columns located in the regular 6-storey 
building. The resulting shear demand/capacity ratios at the maximum imposed ground motion 
intensity for the El-Centro, AL-Aqaba, and L’Aquila ground motions are illustrated in Figure B-23 for 
columns located at the first floor, which is the most critical floor for shear. Figure B-24 to Figure 
B-29 show the chord rotation demand/capacity ratios at the maximum intensity level for columns 
located at the first, second, third, fourth, fifth and sixth floors respectively under the El-Centro, AL-
Aqaba and L’Aquila ground motions. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-23 1st  floor columns’ biaxial demand/capacity shear ratio in the regular 6-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-24 1st  floor columns’ biaxial demand/capacity ultimate chord rotation ratio in the regular 6-storey building 
under (a) El-Centro, (b)AL-Aqaba and (c) L’Aquila ground motions using rigid, uniaxial and biaxial joints. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-25 2nd  floor columns’ biaxial demand/capacity ultimate chord rotation ratio in the regular 6-storey building 
under (a) El-Centro, (b)AL-Aqaba and (c) L’Aquila ground motions using rigid, uniaxial and biaxial joints. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-26 3rd floor columns’ biaxial demand/capacity ultimate chord rotation ratio in the regular 6-storey building 
under (a) El-Centro, (b)AL-Aqaba and (c) L’Aquila ground motions using rigid, uniaxial and biaxial joints. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-27 4th floor columns’ biaxial demand/capacity ultimate chord rotation ratio in the regular 6-storey building 
under (a) El-Centro, (b)AL-Aqaba and (c) L’Aquila ground motions using rigid, uniaxial and biaxial joints. 
 
1
2
3
4
BA C D E
C 1 C 5 C 9 C 1 3 C 1 7
C 4 C 8 C 1 2 C 1 6 C 2 0
C 2
C 3 C 7 C 1 1 C 1 5
C 6 C 1 0 C 1 4
C 1 8
C 1 9
B 5 B 6 B 7 B 8
B 4B 3B 2B 1
B 9
B 1 0
B 1 1
B 1 2
B 1 3
B 1 4
B 1 5
B 1 6
B 1 8
B 1 9
B 2 0
B 2 1
B 2 2
B 2 3B 1 7
APPENDIX B                                                                   Numerical Simulation of Space Structures 
352 
 
(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-28 5th floor columns’ biaxial demand/capacity ultimate chord rotation ratio in the regular 6-storey building 
under (a) El-Centro, (b)AL-Aqaba and (c) L’Aquila ground motions using rigid, uniaxial and biaxial joints. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.5g 
 
(c) L’Aquila ground motion using 1.2g 
 
Figure B-29 6th  floor columns’ biaxial demand/capacity ultimate chord rotation ratio in the regular 6-storey building 
under (a) El-Centro, (b)AL-Aqaba and (c) L’Aquila ground motions using rigid, uniaxial and biaxial joints. 
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B.4. Irregular-3-storey 
An irregular 3-storey building, described in Chapter 5, is implemented into ADAPTIC (Izzuddin, 
1991) and analysed using nonlinear time history analysis under three different natural ground motions 
(i.e. El-Centro, AL-Aqaba and L’Aquila earthquakes). The structure was designed and detailed to be 
representative of non-ductile older-type RC buildings which are seismically vulnerable. As described 
in Chapter 5, the structure was designed and detailed to make joint shear failure critical under seismic 
loading. 
B.4.1. Comparison of beam shear force and chord rotation demands with Eurocode 
capacities 
This section considers the influence of joint modelling on beams located in the irregular 3-storey 
building. The resulting shear demand/capacity ratios at the maximum imposed ground motion 
intensity for the El-Centro, AL-Aqaba, and L’Aquila ground motions are illustrated in Figure B-30 to 
Figure B-32 for beams at the first, second and third floors respectively. Figure B-33 to Figure B-35 
show the chord rotation demand/capacity ratios at the maximum intensity level for beams located at 
the first, second and third floors respectively under the El-Centro, AL-Aqaba and L’Aquila ground 
motions. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.6g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-30 1st  floor beams’ vertical demand/capacity shear ratio in the irregular 3-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.6g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-31 2nd floor beams’ vertical demand/capacity shear ratio in the irregular 3-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.6g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-32 3rd floor beams’ vertical demand/capacity shear ratio in the irregular 3-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.6g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-33 1st  floor beams’ biaxial demand/capacity ultimate chord rotation ratio in the irregular 3-storey building 
under(a) El-Centro,(b)AL-Aqaba and(c)L’Aquila ground motions respectively using rigid, uniaxial and biaxial joints. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.6g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-34 2nd  floor beams’ biaxial demand/capacity ultimate chord rotation ratio in the irregular 3-storey building 
under(a) El-Centro,(b)AL-Aqaba and(c)L’Aquila ground motions respectively using rigid, uniaxial and biaxial joints. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.6g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-35 3rd  floor beams’ biaxial demand/capacity ultimate chord rotation ratio in the irregular 3-storey building 
under(a) El-Centro,(b)AL-Aqaba and(c)L’Aquila ground motions respectively using rigid, uniaxial and biaxial joints. 
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B.4.2. Comparison of column shear force and chord rotation demands with 
Eurocode capacities 
This section considers the influence of joint modelling on columns located in the irregular 3-storey 
building. The resulting shear demand/capacity ratios at the maximum imposed ground motion 
intensity for the El-Centro, AL-Aqaba, and L’Aquila ground motions are illustrated in Figure B-36 for 
columns located at the first floor, which is the most critical floor for shear. Figure B-37 to Figure 
B-39 show the chord rotation demand/capacity ratios at the maximum intensity level for columns 
located at the first floor, second and third floor respectively under the El-Centro, AL-Aqaba and 
L’Aquila ground motions. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.6g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-36 1st floor columns’ biaxial demand/capacity shear ratio in the irregular 3-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.6g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-37 1st  floor columns’ biaxial demand/capacity ultimate chord rotation ratio in the irregular 3-storey 
building under (a) El-Centro, (b)AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and 
biaxial joints. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.6g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-38 2nd  floor columns’ biaxial demand/capacity ultimate chord rotation ratio in the irregular 3-storey 
building under (a) El-Centro, (b)AL-Aqaba and (c) L’Aquila ground motions using rigid, uniaxial and biaxial joints. 
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(a) El-Centro ground motion using 0.6g 
 
(b) AL-Aqaba ground motion using 0.6g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-39  3rd floor columns’ biaxial demand/capacity ultimate chord rotation ratio in the irregular 3-storey 
building under (a) El-Centro, (b)AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and 
biaxial joints. 
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B.5. Irregular-6-storey 
An irregular 6-storey building, described in Chapter 5, is implemented into ADAPTIC (Izzuddin, 
1991) and analysed using nonlinear time history analysis under three different natural ground motions 
(i.e. El-Centro, AL-Aqaba and L’Aquila earthquakes). The structure was designed and detailed to be 
representative of non-ductile older-type RC buildings which are seismically vulnerable. As described 
in Chapter 5, the structure was designed and detailed to make joint shear failure critical under seismic 
loading. 
B.5.1. Comparison of beam shear force and chord rotation demands with Eurocode 
capacities 
This section considers the influence of joint modelling on beams located in the irregular 6-storey 
building. The resulting shear demand/capacity ratios at the maximum imposed ground motion 
intensity for the El-Centro, AL-Aqaba, and L’Aquila ground motions are illustrated in Figure B-40 to 
Figure B-45 for beams located at the first, second, third, fourth, fifth and sixth floors respectively. 
Figure B-46 to Figure B-51 show the chord rotation demand/capacity ratios at the maximum intensity 
level for beams located at the first to the sixth floors respectively under the El-Centro, AL-Aqaba and 
L’Aquila ground motions. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-40 1st floor beams’ vertical demand/capacity shear ratio in the irregular 6-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-41 2nd  floor beams’ vertical demand/capacity shear ratio in the irregular 6-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-42 3rd floor beams’ vertical demand/capacity shear ratio in the irregular 6-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-43 4th floor beams’ vertical demand/capacity shear ratio in the irregular 6-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-44 5th floor beams’ vertical demand/capacity shear ratio in the irregular 6-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-45 6th floor beams’ vertical demand/capacity shear ratio in the irregular 6-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-46 1st floor beams’ biaxial demand/capacity ultimate chord rotation ratio in the irregular 6-storey building 
under(a) El-Centro,(b)AL-Aqaba and(c)L’Aquila ground motions respectively using rigid, uniaxial and biaxial joints. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-47 2nd floor beams’ biaxial demand/capacity ultimate chord rotation ratio in the irregular 6-storey building 
under(a) El-Centro,(b)AL-Aqaba and(c)L’Aquila ground motions respectively using rigid, uniaxial and biaxial joints. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-48 3rd floor beams’ biaxial demand/capacity ultimate chord rotation ratio in the irregular 6-storey building 
under(a) El-Centro,(b)AL-Aqaba and(c)L’Aquila ground motions respectively using rigid, uniaxial and biaxial joints. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-49 4th floor beams’ biaxial demand/capacity ultimate chord rotation ratio in the irregular 6-storey building 
under(a) El-Centro,(b)AL-Aqaba and(c)L’Aquila ground motions respectively using rigid, uniaxial and biaxial joints. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-50 5th floor beams’ biaxial demand/capacity ultimate chord rotation ratio in the irregular 6-storey building 
under(a) El-Centro,(b)AL-Aqaba and(c)L’Aquila ground motions respectively using rigid, uniaxial and biaxial joints. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-51 6th floor beams’ biaxial demand/capacity ultimate chord rotation ratio in the irregular 6-storey building 
under(a) El-Centro,(b)AL-Aqaba and(c)L’Aquila ground motions respectively using rigid, uniaxial and biaxial joints. 
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B.5.2. Comparison of column shear force and chord rotation demands with 
Eurocode capacities 
This section considers the influence of joint modelling on columns located in the irregular 6-storey 
building. The resulting shear demand/capacity ratios at the maximum imposed ground motion 
intensity for the El-Centro, AL-Aqaba, and L’Aquila ground motions are illustrated in Figure B-52 for 
columns located at the first floor, which is the most critical floor for shear. Figure B-53 to Figure 
B-58 show the chord rotation demand/capacity ratios at the maximum intensity level for columns 
located at the first, second, third, fourth, fifth and sixth floors respectively under the El-Centro, AL-
Aqaba and L’Aquila ground motions. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-52 1st floor columns’ biaxial demand/capacity shear ratio in the irregular 6-storey building under (a) El-
Centro, (b) AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and biaxial connections. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-53 1st  floor columns’ biaxial demand/capacity ultimate chord rotation ratio in the irregular 6-storey 
building under (a) El-Centro, (b)AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and 
biaxial joints. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-54 2nd  floor columns’ biaxial demand/capacity ultimate chord rotation ratio in the irregular 6-storey 
building under (a) El-Centro, (b)AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and 
biaxial joints. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-55 3rd  floor columns’ biaxial demand/capacity ultimate chord rotation ratio in the irregular 6-storey 
building under (a) El-Centro, (b)AL-Aqaba and (c) L’Aquila ground motions respectively using rigid, uniaxial and 
biaxial joints. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-56 4th  floor columns’ biaxial demand/capacity ultimate chord rotation ratio in the irregular 6-storey 
building under (a) El-Centro, (b)AL-Aqaba and (c) L’Aquila ground motions using rigid, uniaxial and biaxial joints. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-57 5th  floor columns’ biaxial demand/capacity ultimate chord rotation ratio in the irregular 6-storey 
building under (a) El-Centro, (b)AL-Aqaba and (c) L’Aquila ground motions using rigid, uniaxial and biaxial joints. 
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(a) El-Centro ground motion using 0.4g 
 
(b) AL-Aqaba ground motion using 0.4g 
 
(c) L’Aquila ground motion using 1.1g 
 
Figure B-58 6th  floor columns’ biaxial demand/capacity ultimate chord rotation ratio in the irregular 6-storey 
building under (a) El-Centro, (b)AL-Aqaba and (c) L’Aquila ground motions  using rigid, uniaxial and biaxial joints. 
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